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Abstract 
A series of compounds that have potential as environmentally-friendly inorganic 
pigments have been prepared using solid-state methods. The materials have been 
characterised using a variety of techniques including powder X-ray diffraction, colour 
measurements, EDX, Mössbauer spectroscopy and solid state NMR. 
Materials based on the industrial pigment, ultramarine blue, have been investigated 
using a variety of methods to determine the source of the favoured red-hue. Industrial 
materials of different shades as well as laboratory synthesised and ion-exchanged 
ultramarine materials have been analysed for colour, impurities using bromine 
insoluble method and structure by Rietveld analysis. ICP analysis has been shown to 
have limited success in determining the AI: Si ratio for ultramarine materials. The role 
of small levels of potassium in the formation of red-shade blue and the introduction of 
impurities by the use of feldspar in the industrial formulation has been confirmed. 
The investigation of a green pigment based on CuO-B203 mixtures has been 
investigated by varying the ratios of the two components. In the copper-rich region, 
the materials produced have similar colour properties to the industrial green standard, 
chrome oxide. The blue boron-rich materials have relatively poor pigment properties 
and the colour weakens dramatically on grinding and mixing with diluents such as 
titanium oxide. The poor acid and water stability of the products suggest that the use 
of these materials as pigments would be limited. 
A solid solution in the CoO-A1203-GeO2 spinel system has been investigated. As the 
germanium level increases, the firing temperature required to produce a pure phase 
decreases. The samples range in colour from blue at the aluminium-rich end through 
purple to pink at the germanium-rich end. The use of mineralisers appears to have a 
favourable effect on the colour of the materials. Rietveld refinement of the materials 
suggests that the series shows disordering of the cations over both tetrahedral and 
octahedral sites and that the materials become cobalt deficient as the aluminium level 
increases. 
Doping, annealing and mineralisation of the SnO-Nb2O5 series using cation (V, Ca, 
Ta) and anion (Cl, S) doping has produced two different phases with very different 
properties. The foordite structure, SnNb2O6 is a very stable stoichiometric yellow 
phase that shows good temperature and gaseous environment resistance. The 
pyrochlore phase, SnII2_, xNb2. ySn7yO7_7, however is very susceptible to changes in 
atmosphere and readily undergoes substitution at both anion and cation sites to 
produce phases that vary in colour from yellow through to red. The product phases 
have mixed divalent and tetravalent tin across two different sites. Substitution of 
some of the oxygen with sulfur (to a limit of 0.3 per unit cell) leads to a reddening of 
the sample and stabilisation of the divalent tin within the structure. Mössbauer 
analysis indicates the presence of both divalent and tetravalent tin in the compound 
where the level of tin (IV) decreases on substitution of sulfur. Thermal treatment of 
both tin samples facilitates a reversible temperature dependent change in the colour of 
the samples from yellow/orange through to bright red. Temperature dependent XRD 
analysis has shown that the colour change does not result from a change in the 
structure. 
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Chapter 1 
Introduction 
1 Introduction 
1.1 A World of Colour 
The colour of objects in the world that we live in has great importance. Although we 
could probably continue our daily lives without the different colours that surround us, 
it would be a far less interesting journey. Colour can stimulate our minds, influence 
the decisions we make or the mood we are in, by making us feel happy or sad. We 
surround ourselves in our homes with vibrant colours, which can help brighten the 
mood of a room. Colour can be used to represent danger, a need for caution, or to 
give the go ahead for a particular action. Therefore the demand for coloured 
substances is high because they are both aesthetically pleasing and have practical 
uses. This desire, for coloured surroundings, drives the dye and pigment industries to 
invest in research to obtain brighter and longer-lasting coloured substances. I 
Before looking at the history of pigments, it is important to realise how we actually 
see the different colours around us. To see colour of any kind there must first be a 
light source, from the source the light must be directed into the human eye and 
focussed onto the receptors in the retina that respond by sending signals to the brain. 
The brain then interprets these signals as particular colours. The different colours can 
be produced in more than one way due to the wave-particle duality of electromagnetic 
radiation. Electromagnetic radiation can come in many different wavelengths, but for 
the purpose of this thesis only a narrow band of radiation, which we call visible light, 
is relevant. Visible light has a wavelength range between 360-780 nm, which is 
generally refined down to 380-720 nm due to the low sensitivity of the eye at either 
end of this spectrum. All the different colours we see are found within this 
wavelength range. 
1.2 The Human Eye 
The human eye has a unique function, which allows it not only to react to light but 
also to respond in a way that optimises the picture that is presented to the brain by a 
series of electrical impulses. A brief description of this process is offered below, 
accompanied by a basic cross-sectional diagram of the eye that is shown in figure 
1.1 3 
1 
1.2.1 Basic Function of the Eye 
In order for us to see any object, the object must interact in some way with visible 
light which then results in the light entering the eye. The light, which always travels 
in a straight line, is then focused onto the retina by the action of the lens. The 
thickness of the lens is varied by muscular contraction, depending on the size of the 
illuminated object and its distance from the eye, to focus the incident light. In 
general, the lens becomes thicker when viewing objects nearby, and thinner when 
objects are in the distance as the light does not need to be refracted as much. The 
amount of light incident on the lens can be increased or reduced by the action of the 
circular iris diaphragm, thus making the pupil larger or smaller. Once the light has 
entered the eye it is then detected by the light sensitive cells known as rods and cones, 
named according to their physical shape. The retina is coved with about 6 million 
cone cells, 120 million rod cells and I million nerve fibres. 
Rectus muscle 
Scleý"a 
Iris Diaphragm 
Aqueous Humoui Fovea 
Cornea 
Lens Blind Spot 
Ligaments 
Ciliary Body 
Optic Nerve 
Ciliary 1Jüscle Retina Choroid 
Figure 1.1: Basic Diagram of the Human Eye 
The rods and cones are responsible for transforming the incoming light into a pattern 
of nerve activity, which is then passed to the brain by the fibres in the optic nerve. 
There is a high concentration of cones at the focal point of the eye; this part of the 
retina is called the fovea. The reason behind this uneven distribution can be explained 
by considering the differing sensitivity of the two types of cells. The rods have an 
even response to light over the whole range of wavelengths so therefore can only 
distinguish between light and dark. Hence, in low light conditions, our view of the 
world becomes monochromatic. The cones on the other hand are still sensitive in 
2 
high levels of illumination and under ideal conditions can distinguish about 10 million 
separate colours. This can be explained by the fact that there are three types of cone 
cell. Cone cells are classified as short, medium and long according to the wavelength 
range of light where they are most sensitive. The maximum response wavelengths are 
440nm for short, 545nm for medium and 585nm for long cones, which correspond to 
the three primary colours blue, green and red. 
If the whole visible spectrum, violet to red, is incident on the eye then the observer 
will experience a vision of white light. Individual colours are only seen when white 
light is split or filtered, due to refraction, selective reflection or absorption of specific 
wavelengths by coloured surfaces. When light is refracted it is said to be acting in the 
same way as a wave, an example of this being the observation of a rainbow where the 
rain droplets refract the white light of the sun. On the other hand, an object appearing 
to be a certain colour is only doing so because certain wavelengths of the incident 
white light are being absorbed, therefore the remaining reflected wavelengths give the 
object its apparent colour. Light is now seen to be acting like particles that have 
discrete packets of energy. The packets of energy are called photons and can be 
absorbed on an atomic/molecular level by exciting the ground state electrons. Only 
the colours of light with wavelengths that correspond to certain energy transitions 
within the material are absorbed, the rest are either reflected or transmitted. 
In the visible spectrum there is no particular wavelength assigned to what we see as 
white light, this is observed when a range of colours is incident on the eye. White 
light is seen when all the colours of the visible spectrum are present but the same 
visual response is observed when the primary colours, red, green and blue, are 
additively mixed. Therefore if the light from red, green and blue lasers were 
combined it would appear white to the human eye. This would not be the case when 
looking at a mix of red, green and blue pigments. Such a mix would be better 
described as subtractive colour mixing as the colour of a non-emitting substance is 
produced in a different way. An object that appears red when white light is incident 
upon it could be described as having selective reflectance and is therefore acting as a 
light filter. The green and blue regions of the spectrum are absorbed leaving only the 
wavelengths in the red part of the spectrum to reflect back into the eye. If the incident 
light is already of a certain colour e. g. under the yellow glow of street lamps, then the 
3 
objects that do not reflect yellow will appear very dark in colour in comparison to 
their colour under white light. 
1.3 Colour 
When a pigment is synthesised it must be colour-tested in a reproducible and 
universal way, using more than the un-calibrated human eye. A specific set of values 
must be given to a pigments/objects colour in order to allow a comparison to be made 
with a standard. 4 
If asked what colour a particular object is, it is more than likely that four different 
people would describe it in four different ways; a red apple could be described as red, 
burning red, fresh bright red or crimson red. If another red apple was found in 
another part of the orchard and notes compared it would be difficult to say if they 
were both were the same colour purely by describing the colour with words. This was 
the problem faced by companies producing coloured pigments. A more realistic 
example, and a common problem, is the one faced by body shops when re-spraying 
all, or part, of a car. The owner would undoubtedly notice if a re-sprayed panel was 
slightly different in colour or brightness. Therefore when a pigment is made it is very 
necessary to have an exact value for its colour so that it can be matched and 
replicated. This problem has been solved by breaking down colour into three basic 
components; hue, chromaticity (chroma) and lightness. 
1.3.1 Hue 
Hue describes the colour of an object using words such as "red", "yellow", "green" 
and "blue". These are shown as a colour wheel in figure 1.2 and are words that are 
used in everyday language. It is possible to assign the value of hue in terms of the 
number of degrees around the circle as a gradual progression through the different 
colours from 0 to 360 degrees. In some computer art/paint programs it is possible to 
select a desired value of hue, but the range is much smaller (0-240°). 
4 
1.3.2 Chroma 
Chroma is a value given to describe the saturation of a colour i. e. how vivid or dull 
the colour of an object is. The colour wheel below (Figure 1.2) shows the change of 
chroma for the different colours. Moving from the centre outwards, the chroma value 
for a particular hue increases; this can be understood as a greater saturation of that 
colour. Chroma gradually changes from grey to the fully saturated colour. 
Yellow Red 
Yellow tlreen Red 
Hue 
p; r 
Green Chroma__ Red Purple 
Blue Greer Purple 
Blue Blue Purple 
Figure 1.2: Colour Wheel 
1.3.3 Lightness 
The brightness or the darkness of a sample is given by its lightness value. If a colour 
is more black or more white then it has changed its lightness value. A lightness value 
of zero will be black for any given hue or chroma, and at the opposite end of the scale 
the maximum lightness value corresponds to white. In between these maximum and 
minimum values, the object will be seen to have a set colour (see Figure 1.3). 
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Figure 1.3: Three-dimensional Colour Globe 
Often the results of a colour test would be given as values, with the symbols `L', `a*' 
and `b*'. `L' being the value for lightness and a* and b* being a co-ordinate on a 
circular colour chart which combines hue and chroma. `L' may have a value in the 
range of 0 to 100 where as 'a*' and `b*' must be with in the range of -60 and +60 (see 
Figure 1.4). 
* 
60 
40 
Green 
_lý 
* Blue 
light bright 
pale 
eyi shýweak dull \' iA dlstrong ýr r 
ti 
dark 
.a Pte, 
-10 
20ý 3pý qpý SO_ c.. +a* 
Red 
Figure 1.4: Lightness and co-ordinate colour chart 
This standard way of giving a set of measurable colour values to a sample means it is 
possible to directly compare coloured materials, thus giving an idea of how useful the 
sample would be as a pigment. 
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1.3.4 Different Absorption Transitions 
There are several different ways in which a material can selectively absorb light and 
various selections rules govern the intensity of these absorptions. For an electronic 
transition to be fully allowed, the electron must move between orbitals where Al = +/- 
1. Any transition that does not satisfy this rule will be inherently weak. The main 
processes that are discussed and particularly relevant to this thesis are charge-transfer 
bands and d-d transitions. 5.6 Charge transfer transitions generally satisfy the condition 
Al = +/-1 and are very much stronger than d-d transitions, where Al = 0. 
1.3.4.1 Charge Transfer (CT) 
Charge transfer bands, as the name suggests, involves the movement of charge from 
one location to another; the charge being an electron and the location being an orbital 
of an atom or molecule. In the case of stable inorganic pigments, the process must be 
a reversible one and therefore must involve two different pathways otherwise the 
same wavelength of energy would be absorbed and emitted resulting in no net change 
in the colour of the incident and transmitted light. When energy from the visible 
region of the spectrum is absorbed, an electron moves from its ground state to an 
excited state with a difference in energy that corresponds to the absorbed wavelength. 
The energy is then lost to the surrounding environment as a small amount of heat. 
There are three possible methods of charge transfer; metal to ligand, ligand to metal 
and metal to metal. 
1.3.4.1.1 Metal-to-ligaod charge transfer (MLCT) 
The movement of an electron from a metal to a ligand orbital, due to the absorbance 
of a specific quantity of energy, does not strictly mean the electron truly leaves the 
metal atom and locates itself entirely on the ligand acceptor atom. The situation is 
better described by showing an electron moving within a set of molecular orbitals, 
which are resultant hybrids of the metal and the ligand atom orbitals, from a lower 
energy orbital, which is predominantly metallic in character, to a higher energy 
orbital, which is predominantly ligand-like in character. This sort of charge transfer is 
most commonly observed in complexes with ligands that have low lying n* orbitals. 
This type of transition is more commonly associated with metal centres surrounded by 
aromatic ligands and therefore not particularly relevant to solid state pigments where 
the aromatic ligands would not be stable at high temperature. 
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1.3.4.1.2 Ligand-to-metal charge transfer (LMCT) 
As with the MLCT, the movement of the electron is within the hybrid molecular 
orbitals, only this time the roles are reversed. Ligands such as sulfur and selenium 
have lone pairs of electrons in relatively high energy orbitals, which can make the 
transition to the metal if it has low lying empty orbitals. Such is the case for cadmium 
yellow, CdS, the transition being from the full p orbital on S2' to the empty s orbital 
on Cd2+. 
1.3.4.1.3 Metal-to-metal charge transfer (MMCT) 
Some of the most intensely coloured materials in the world are created naturally and 
are coloured due to metal-to-metal charge transfer. Sapphire, a blue coloured 
gemstone, has a structure based on corundum, A1203. Pure corundum is a white solid, 
but subtle differences in composition cause a dramatic change in the colour of the 
material.? A low percentage of metal ion impurities, substituted for aluminium within 
the corundum structure, create the desirable colours of the gemstone. The transition 
and brief redox reaction that is responsible for the blue colour of sapphire occurs 
when an electron moves between divalent iron and tetravalent titanium ions. There 
are several different possible transitions between the ground state and the excited 
states of the two ions. Fortunately, none of these transitions lie in the wavelength 
range of blue light and the rest of the visible light causes charge transfer transitions 
resulting in the oxidation of iron ions and the reduction of the titanium ions, leaving 
only the blue light remaining. 
[Fe2+ + Ti4l + photon = [Fe3+ + Ti31 
Equation 1.1 
1.3.4.2 d-d transitions 
d-d transitions are those which occur between the ground and excited states of the 
transition metal d orbitals (see figure 1.5). They are responsible for numerous 
coloured complexes of metals bound to colourless ligands and involve movement of 
the electrons between non-degenerate d orbitals. The transition metals (or d-block 
elements) mostly, when in an ionic state, have one or more electrons in their d- 
orbitals. The normally degenerate d-orbitals of the elements in there atomic state are 
split into higher and lower energy states when the ionised element is put into a less 
than icosahedral symmetry, the most common being octahedral and tetrahedral. This 
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splitting of the energy levels allows various transitions to take place providing the 
energy of the incident radiation is suitable to excite a ground state electron into a 
vacant higher energy orbital. 
Ruby is another gemstone with a structure based on corundum and this material is 
coloured due to d-d transitions. This time only one type of substituted metal ion is 
present as an impurity, that impurity is chromium. The chromium ion is in a trivalent 
state, Cri+, and in an octahedral environment, therefore its three remaining 3d 
electrons will occupy the t2g orbitals. Excitation of these electrons to the higher 
energy eg orbitals require absorption of green and violet light leaving a ruby red 
colour. 
Octahedral Field 
, - . 
c 
degenerate -: X 
-----ý 
and 
d-orbitals 
°y '. 
dyZ 
Figure 1.5: d-d transition diagram 
1.3.4.2.1 The Laporte Selection rule6 
As mentioned above there are various selection rules governing the intensity of the 
absorptions and the resulting colour of the material, an important rule for transitions 
involving d electrons is the Laporte selection rule. This applies to centrosymmetric 
environments such as octahedral coordination, and states that electronic transitions are 
only allowed if they are accompanied by a change in parity. This would make the 
transition in ruby particularly forbidden (since Al =0 and chromium lies in an 
octahedral environment). Asymmetric vibrations that temporarily remove the centre 
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of symmetry from a molecule, relax Laporte's rule, meaning d-d transitions can occur. 
In a non-centrosymmetric environment, such as tetrahedral coordination, Laporte's 
rule is not violated and the d-d transitions have a much greater intensity. The 
difference in intensity between Laporte's rule allowed and disallowed transitions can 
be easily compared using divalent cobalt in tetrahedral and octahedral ligand fields. 
The intensity of the transitions for the bright blue CoC142" anion in strong hydrochloric 
acid solution is two orders of magnitude greater than octahedral hexaaquocobalt(II) 
anion in aqueous solution, both solutions having similar cobalt concentration (0.1 M). 
The intensity of charge-transfer transitions is far greater than that of the d-d 
transitions of transition metal complexes. Comparing the Fe/Ti and Cr impurity 
levels in sapphire and ruby gemstones respectively can highlight this difference. 
While the metal impurities in sapphire can be as low as 0.01% and remain visibly 
blue, a level of 3% of Cr is needed to get a similar intensity of colour in a ruby. This 
represents a difference in impurity concentration of two orders of magnitude. 
1.4 Pigments 
The word "pigment" is a term often used in reference to a skin colour or when 
describing a dye. The origin of the word is from the Latin word "pigmentum" and 
originally denoted a colouring material. This terminology was later extended to 
indicate coloured decoration (e. g. cosmetics). 8 By the late Middle Ages, the word was 
being used for all kinds of plant and vegetable extracts, especially those used for 
colouring. In biological areas, pigments are taken to mean dyestuffs of plant or 
animal organisms that occur as very small grains inside the cells or cell membranes, 
as deposits in tissue, or suspended in body fluids. 
In modem times, which are most relevant to the following area of research, the word 
pigment means a substance consisting of small particles that is practically insoluble in 
the applied medium and is only used on account of its colouring property. For a 
material to be coloured, it would have to be, or contain, a pigment or a dye, both 
coming under the general term of a "colouring material". A characteristic that 
distinguishes pigments from soluble or organic dyes is their low solubility in solvents 
and binders. It is possible to characterise pigments by their chemical composition and 
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by their optical or technical properties. The only pigments of interest to this work are 
inorganic pigments. 
1.4.1 History 
Inorganic pigments are naturally occurring and have been known since prehistoric 
times. Over 60 000 years ago, natural ochre9,1o was used in the Ice Age as a colouring 
material. Cave paintings found in southern France, northern Spain and northern 
Africa were made using charcoal, ochre, manganese brown and clays which must 
have been produced over 30 000 years ago. Around 2000 B. C., burning natural ochre, 
sometimes in mixtures with manganese ores, produced red, violet and black pigments 
for use in pottery. The first yellow pigments were arsenic sulfide and Naples yellow" 
(a lead antimonite). Ultramarine (lapis lazuli) 12 and `artificial' lapis lazuli (Egyptian 
blue13"4 and cobalt aluminium spinell) were the first blue pigments. Terra verte, 
malachite and a synthetically prepared copper hydroxychloride16 were the first green 
pigments. Calcium carbonate (calcite), some phases of calcium sulfate and kaolinite 
were used as white pigments in early times. 
Painting, enamel, glass and dyeing techniques reached an advanced state of 
development in Egypt and Babylon as brilliant colours were signs of power due to 
their limited availability. The Greeks and the Romans however, contributed very little 
to the art of dyeing and the development of new pigments as the colouring profession 
was held in poor regard. From the age of the migration of people (fourth to sixth 
century A. D. ) to the end of the late Middle Ages, there were no notable additions to 
the range of colouring materials. The reinvented pigment, Naples yellow, and certain 
dyestuffs for textiles from the orient were the only innovations. 
The pigment industry started in earnest in the 18th century with products such as 
Berlin blue (1704), cobalt blue (1777), Scheele's green and chrome yellow (1778). In 
the 19`s century, ultramarine, Guignet's green, cobalt pigments, iron oxide pigments 
and cadmium pigments were developed in quick succession. In the 20th and now in 
the 21s' century, pigments have become an area that is subject to a high degree of 
scientific interest. The past century has seen synthetic colour pigments such as 
cadmium red, manganese blue, molybdenum red and mixed bismuth oxides come 
onto the market. Titanium dioxide, with both the anatase or rutile structure, has been 
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introduced as a new synthetic white pigment. Lustre pigments (metal effect, 
nacreous, and interference pigments) have also assumed increasing importance. '7 
1.4.2 Uses of Pigments 
Areas of importance to the pigment industry are paints, varnishes, plastics, artist's 
colours, printing inks for paper and textiles, leather decoration, building materials 
(cement, renderings, concrete bricks and tiles-mostly based on iron oxide and 
chromium oxide pigments), leather imitates, floor coverings, rubber, paper, cosmetics, 
ceramic glazes and enamels. 
High quality pigments are needed for the paint industry. An optimal uniform particle 
size is important because it influences gloss, hiding power, tinting strength and 
lightening power. In order for a paint to be using in a thin paint film, the pigments 
must have good tinting strength and hiding power along with optimum dispersing 
properties. 
White pigments that are used for white colouring and covering, and also for lightening 
coloured and black pigments, must have a minimal intrinsic colour tone. 
When deciding which pigment to use for a particular application, there are four basic 
areas that need to be considered: 
1) Colour properties: colour, tinting strength or lightening power, hiding power. 
These determine the efficiency and therefore the economics of a pigment. 
2) General chemical and physical properties: chemical composition, moisture 
and salt content, content of water-soluble and acid-soluble matter, particle 
size, density and hardness. 
3) Stability properties: resistance towards light, weather, heat and chemicals, 
anticorrosive properties and retention of gloss. 
4) Behaviour in binders: interaction with the binder properties, dispersibility, 
special properties in certain binders, compatibility and solidifying effect. 
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1.4.3 Colour Source 
When light is incident upon a pigment particle, one of three things can occur: 
1) It can be absorbed by the particle 
2) It can be scattered by the particle 
3) It can pass straight through 
Therefore the most important optical properties of pigments are their light absorption 
and light scattering properties. Small absorption and high scattering will give a white 
pigment. If absorption in the visible region is high, with low scattering, then the 
pigment will appear black. For coloured pigments, there must be selective absorption 
and scattering of a wavelength in the visible region. 
1.4.4 Problems 
Apart from colour stability, the other major concern of the pigment industry is the use 
of heavy metals. The majority of inorganic pigments are based on colour centres that 
are associated with a metal ion i. e via charge transfer or d-d transitions. The toxicity 
of the metals used has become a major issue for the pigment industry as a whole. A 
worldwide consensus against the use of toxic products has led to the expulsion of lead 
and cadmium'8'19 containing pigments, Pb2Sb2O7, PbCrO4 and CdS, from the market. 
The problem associated with these particular materials is that acid foodstuffs can 
leach the pigments out of the ceramic glazes and into the food. Unfavourable 
publicity regarding these materials has led to concern relating to inorganic pigments 
usage as a whole, despite the fact that not all heavy meals are toxic and many are 
essential to everyday life. 
With the exception of ultramarine, titanium dioxide, iron oxide and carbon black 
pigments, all inorganic pigments contain heavy metal constituents. Therefore before 
outlawing all `heavy metals' it is necessary to take a look at the basic information 
known about them and the pigments in which they are used. ° 
The term "heavy metal" should only be used in giving an idea of the density of a 
metal as it does not in anyway describe its toxicity or effect on the environment. 
Heavy metals are in fact natural constituents of our environment with considerable 
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amounts occurring naturally in rock and soil, for example barium 650mg/kg, 
chromium 83 mg/kg, manganese 1000 mg/kg, nickel 58mg/kg, zinc 83mg/kg and iron 
about 5%. So our environment is not free from heavy metals. Traces also occur in 
petroleum, coal and wood, and as a result of absorption from the soil by plants, they 
are present in our food. Life has evolved and developed in an environment containing 
a natural content of heavy metals. Organisms incorporate heavy metals; they are a 
vital part of humans and animals, which without trace amounts life would not be 
possible. 
There are many trace elements essential to life including the following heavy metals: 
iron, zinc, manganese, copper, chromium, molybdenum and cobalt. Other elements 
that are regarded as beneficial are nickel, vanadium, arsenic, selenium and tin. This 
makes the demand for an elimination of heavy metals in all areas of life seem strange 
due to their biological necessity. 
Obviously there must be controls on the level of elements in our environment as an 
excess of anything can be harmful if a specific concentration is exceeded. Each heavy 
metal should be looked at individually and at the form in which it is present. The 
most toxic of poisons would not be harmful if stored in a secure container, as is the 
case for most heavy metals contained in pigments. They are so firmly bound that they 
are soluble neither in the soil nor in the organism; i. e. they are not bio-available. 
Chromium21 compounds show both sides of the argument for the use and elimination 
of heavy metals from our environment. The problem being the oxidation state of the 
chromium in the compound; trivalent chromium is relatively stable and is not 
considered toxic to human, whereas hexavalent chromium has a strong tendency to 
change into trivalent chromium whilst giving up oxygen, therefore having a strong 
oxidising action and toxic effect on biological materials. Hexavalent chromium is 
1000 times more toxic than its trivalent form to humans, animals and plants. When 
used as a colorant in pigments, chromium can be either hexavalent or trivalent, 
resulting in very different toxicological properties. 
Removing trivalent chromium compounds from our environment would have no 
benefits to the pigment industry or the environment. The trivalent chromium within a 
14 
pigment is not bio-available anyway and due to the nature of their synthesis, being 
calcined, they do not liberate chromium when burnt in a waste incinerator. This form 
of the heavy metal can be seen to be practically inert and constitute no hazard to 
human beings or the environment. 
1.4.5 New Pigments 
When trying to enter the pigment market there are a few possibilities that can be 
considered based on the toxicity of the pigment. There are three basic levels of 
toxicity allowed and the degree of human contact goes hand in hand with them (see 
figure 1.6). With each level there are advantages and disadvantages: 
- Level 1, the pigments must not in any way be toxic to humans, which mean 
that more strict health and safety regulations apply. It will take longer for a 
new pigment to be approved as it will have to pass all of the extra safety 
checks and will also face strong argument and opposition from the present 
pigment companies that already have products in that area of the market place. 
A new pigment would have to surpass all other pigments presently available in 
several areas, this including cost, performance and toxicity. The main 
advantage in producing a pigment for this end of the market being; the 
financial return from a successfully launched safe pigment will be very high as 
the companies which buy the pigment will pay more so as to be seen to be 
producing coloured products which are both brilliant in colour and safe 
beyond all arguments. 
- Level 2, pigments that are used in the plastics, coatings or paper, which 
contain food and drinks, must also contain low toxicity elements and be stable 
in the matrix that they are incorporated. There must be no chance of the 
pigment or any of its elements leaching out of its packaging contaminating the 
food it contains. A pigment may only be suitable for use is certain products. 
A pigment maybe fine in on a wood coated product but if put into a plastic and 
it becomes unstable then it could not be used as a general all-purpose pigment, 
which would reduce the possible income from such a pigment. 
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Level 3, when a pigment is used in a product, such as an industrial paint, it 
will never be put next to food or put into the mouths of children. Then the 
level of toxicity and the safety regulations will be adjusted accordingly. The 
overall cost of such a pigment will be significantly lower than one bought for 
use in colouring children's toys or food packaging. Unfortunately the 
traditionally used and more toxic pigments seem to have very good colour 
properties, which make entering this end of the market very competitive. No 
company is likely to exchange the pigment it uses for a more environmentally 
friendly pigment unless it has some extremely high financial gain to make 
from doing so. The pigment must also perform equally if not better than one it 
intends to replace. 
Children's toys, lilady 
to be put into a dud's 
mouth. 
00 
Level 1 
Plastics which come 
into contact %1ih food 
aid wily bancledby 
humans. 
Level 2 Level 3 
Figure 1.6 Use of pigments with different toxicity level ratings. 
1.4.6 Availability of Pigments 
Historically pigments that were used for artist's paints and in ornaments came from 
natural sources having been excavated from the ground. In the present day, there is 
an increased demand for large a quantity of high quality pigments that are used in 
practically every man-made thing that surrounds us. With an improvement in 
scientific knowledge and industrial processes, this demand is no longer met by the 
uses of naturally occurring pigments. Synthetic pigments production was around 5 
million tonnes per annum in 1995 with approximately 97% of it being accounted for 
by inorganic pigments. 8 
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1.4.6.1 Natural Pigments 
Naturally occurring pigments have long been appreciated for their colour and 
apparent beauty by many cultures over thousands of years. 2 The reoccurring problem 
is their availability. The coloured minerals, earth and ochres have withstood the harsh 
conditions surrounding them throughout time so when they are used as pigments they 
are generally stable in most ambient environments, but it is their extraction and 
practical suitability that causes there uses in the modern day to be limited. Most 
natural earths contain the mineral iron due to its high natural abundance in the earths 
crust. Ochres, mixtures of quartz sand, clay (kaolin) and iron oxide have hues ranging 
from brown yellow through red and violet. The name ochre is technically only used 
for the product extracted from ochrous sand by a process of fine grinding; this 
eliminates the sand, leaving the finer grains of clay. The ochres containing yellow 
iron oxide, goethite, will turn red becoming hematite when heated. Small amounts of 
manganese oxide mixed with goethite produces brown tones known as sienna and 
umber. Hematite is a variety of the oxide Fe203. In rock form it is black with 
metallic glints and earns its name (blood red in Latin) only when pulverized. 23 The 
shade is dependent on the size of the particles ranging from violet purple (0.5 
microns) to red (0.1 microns) to orange (0.05 microns). The smaller particle size 
leads to a greater reflection of light causing the apparent dulling of the originally 
intense colour. The particle size problem is well-known for all pigments, natural and 
synthetic, and therefore enforces limits on the uses of the pigments, for example if the 
pigment is to be used in particularly dispersed manner or in a mobile suspension. 
1.4.6.2 Synthetic Pigments 
The synthetic pigment industry is responsible for the production of millions of tonnes 
of coloured material each year. The use of heavy metals in the production stage or in 
the final product is closely monitored amid every-growing concerns for the 
environment. It is possible to produce practically any colour needed, with a relatively 
high degree of purity, for use in coloured materials in the modem world. The costs 
can be high, with extreme refining and cleaning processes being needed to remove 
unwanted by-products. For example, sulphuric acid is produced by desulfurization of 
the gaseous effluent from an ultramarine blue plant and trace amounts of cadmium 
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must be removed from the wastewaters and exhaust air created by the production of 
cadmium-containing pigments. 4' 24,25 
There is a fine financial balance between the cost of safe production and use of a 
pigment against the demand for product. Off-set against this balance is the need for 
further research into fording more environmentally friendly alternatives. 
Unfortunately, in some cases, it seems that there are no financially viable alternatives. 
This therefore limits the use of the some of the most vibrant colours to limited 
applications where it can be guaranteed that the toxic element cannot become bio- 
available. 
1.5 Three Very Different Colours 
The compounds studied throughout the duration of this PhD were chosen in an 
attempt to create pigments that would be suitable for use in high temperature 
applications without using the heavy metals that are traditionally associated with 
inorganic pigments. The research concentrated in three areas where alternatives need 
to be found; green, red and blue. To put this work into context, it seems appropriate 
to give a brief background section about the green, red and blue pigments currently 
used and the apparent risks associated with them. 
1.5.1 Green 
Green, one of the most commonly used colours in nature, is seen in plants due to the 
necessity of green chlorophyll in the photosynthesis process. 26 Its use in the 
commercial world preys upon our perception that green is the accepted colour of 
nature and it is therefore commonly found in packaging of the food we buy. Lime 
green paints can be used to liven up the atmosphere of a room and green is generally a 
positive colour associated in society as a sign for "GO". 
The considerable use of a wide range greens by Mother Nature has made it an 
unpopular colour with many artists as they feared the colour lacked impact on many 
of those viewing it. But even with this "over exposure" and with its strong 
association as being the colour of poison, green still remains a vital colour on most 
artists' palettes. 
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1.5.1.1 Previously used Green Pigments and their Problems 
The importance of being able to produce a pigment that is of the desired colour is high 
even if it is possible to additively mix other pigments to obtain the same colour. It is 
possible to obtain a green with a combination of the primary colours blue and yellow, 
but the greater the number of pigments mixed, the more light is being absorbed and 
therefore the resultant colour can look relatively dull compared with the individual 
pigments. 
The greens which have dominated the palettes and colouring pigments of the past and 
present include some of the following; Atacamite, 27 Chrome Green, 28 Chromium 
Oxide, 21 Cobalt Green, 15 Copper Resinate, 29 Emerald Green, 30 Green Earth, 9 
Malachite, 31 Scheele's green, 32 Verdigris33 and Viridian21 (chemical formulas can be 
seen in the table 1.1). The suitability and popularity of each one depending on the 
stability and intensity required for the particular application. 
Traditional Name Chemical Name Chemical Formula 
Atacamite copper(II) oxychloride Cu2(OH)3C127 
Chrome Green chrome yellow and iron blue mix 
Pb4S, Cr)O4/ 
Fe4 II[FeII(CN)6]3"xH2O28 
Chromium Oxide chromium oxide Cr2O321 
Cobalt Green cobalt(II) oxide + inc oxide 
CoO. ZnO'5 
z 
Copper Resinate copper salts Cu(C19H29COO)229 
Emerald Green copper (II) 
acetoarsenite 
Cu(CH3000)2.3Cu(AsO2)230 
Green Earth complex alumino - K[(A1, Fe"), (Feu, Mg) 
silicate minerals (AISi3, Si4)Olo(OH)2 
Malachite copper (II) 2CuCO3. Cu(OH)2 31 
oxycarbonate 
Scheele's Green copper(II) arsenite Cu(AsO2)232 
Verdigris copper acetate [Cu(CH3000)2]2Cu(OH)2.5H2O 
Viridian chromium (III) oxide Cr2O3.2H2021 di-hydrate 
Table 1.1 Green Pigments 
As is the case with so many things that we find desirable, there always seems to be a 
drawback and this is true for many of the brightly colour pigments used throughout 
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the ages. Some materials are not colour-fast, therefore fade with time, or dissolve in 
acid or alkali, thus limiting their use. A more serious problem is the toxic affect that 
some of the compounds can have on the environment. The use of lead containing 
compounds in most products is now heavily frowned upon with laws against its use in 
any products where it could become bio-available. The use of chromium in its lower 
oxidation trivalent state is considered safe but the original source of the chromium is 
generally hexavalent chromium oxides, Crw03, which requires very strict health and 
safety procedures for its use and disposal. 21 There is therefore a general 
uncomfortable stigma about the use of chromium in any industrial process. 
Emerald Green was first produced in the 1800's and did nothing for the colour's 
reputation of being a naturally safe colour. The pigment was an unusually brilliant 
blue-green to green colour with reasonable decent colour properties but unfortunately 
the instability of the pigment was a serious health hazard. Its use in wallpaper 
reputedly resulted in the deaths of many people, most notably Napoleon. The 
poisonous arsenic fumes that drifted silently from the walls of his exile home in St. 
Helena are thought to have contributed to his death. 34,35 
The most commonly used green pigment at present is the flat green coloured and 
chemically stable chromium oxide pigment. Although mine-able deposits have never 
been found it has been produced since at least the year 1820, its simple formula makes 
it relatively easy to produce with a high degree of purity. Relative to other inorganic 
pigments it is one of the most reliable pigments with many favourable characteristics; 
it is stable up to 2000°C, very hard and virtually inert. These resistant properties 
enable it to be used as more than just an aesthetic pleasing colour including the 
following: 
1) Metallurgy: aluminothermic production of chromium metal by reaction of 
aluminium powder and Cr203. 
2) Refractory industry: production of thermally and chemically resistant bricks 
and lining materials. 
3) Ceramic industry: colouring of porcelain enamels, ceramic frits and glazes. 
4) Pigment industry: raw material for the production of chromium containing 
stains and pigments based on mixed metal oxide phases. 
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5) Grinding and polishing agent: chromium (III) oxide is used in brake linings 
and polishing agents due to its high hardness. 
There is no real need to replace the actual pigment itself as it is so stable that it can be 
used in toys, cosmetics, in plastics and paints that come into contact with food but 
unfortunately its production involves the use of hexavalent chromium which has 
extreme toxic affects and therefore its use is discouraged. The hazards are only 
related to its actual production therefore it is a danger to those working in that 
environment and has to be monitored carefully to stop any untreated/reacted 
chromium (VI) oxides being released into the environment. 21 
The search for a suitable replacement for this impressive green chromium pigment led 
to the investigation detailed in chapter 4 on the copper borates series. 
1.5.2 Red 
Throughout time the colour red has had many contrasting connotations, mainly due to 
its association with extreme emotional feelings or behaviour. The colour itself seems 
to stir our emotions and can have a marked affect on how we are feeling. Even in the 
modem day, it is the colour of the devil, Santa Claus and Valentines Day, which 
represent very different things. Nature has provided us with vibrant reds that we see 
all around us; in the petals of roses and many other beautiful flowers and plants. It is 
the colour of our blood which links the colour heavily with the emotions we feel when 
witnessing the bloodshed on a battle field or from needless acts of violence. Red 
represents so many different things; power, rage, embarrassment, caution, love, 
warmth, danger, sex and therefore plays a massive part in the advertising of 
commercial products. It is associated with Coca-Cola, one of the biggest and most 
successful companies in the world, therefore adding to its already prominent 
reputation. 
1.5.2.1 Previously used Red Pigments and their Problems 
Red is one of the primary colours, therefore it is not possible to mix two different 
coloured pigments together to obtain this, one of the most sought after, colours. Like 
the incredibly stable green chromium oxide pigment, iron (III) oxide is a comparative 
red pigment has been found naturally and synthesised; hematite, red iron (III) oxide, 
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is the colorant in naturally occurring red ochre pigment which was originally used in 
cave paintings many thousands of years ago. 3 As with most of the coloured pigments, 
there have been several other options available throughout the ages all having 
positives and negatives as regards to their stability in certain conditions and their light 
fastness so the search for an improved red pigment continues. As with the green 
pigments, some of the compounds used as red pigments have had toxic effects on the 
environment which is always a cause of concern and again drives a commercial 
interest to find something bright red and stable. Some of the red pigments used to 
date are: Cadmium Red, 36°37 Litharge, 38 Mars Red '39 Realgar, 
40 Red Lead, 41 Red 
Ochre23 and Vermilion (see table 1.2) 42 
Traditional Name Chemical Name Chemical Formula 
Cadmium Red cadmium sulphurselenide Cd(S, Se)36,37 
Litharge tetragonal lead (II) oxide Pb038 
Mars Red synthetic iron (III) oxide Fe20339 
Realgar red arsenic sulphide As2S34° 
Red Lead lead (II, IV) oxide Pb30441 
Red Ochre 
iron (III) oxide + clay + Fe20323 
silica 
Vermilion mercuric sulphide HgS42 
Table 1.2 Red Pigments 
The most impressive red pigment, as far as colour properties go, is cadmium red. It is 
a solid solution of cadmium sulphide and cadmium selenide and gives a range of 
colours from yellow at the sulphur-rich end, through orange to red, depending on the 
selenium content 43 Vermilion also gives a similarly impressive red colour that would 
be considered economically viable, but from an ecological point of view it is no 
longer acceptable with the availability of adequate non-toxic alternatives. The use of 
cadmium-containing pigments has been gradually reduced throughout the 1990's with 
strict limits on its use. Similar restrictions for lead, mercury and hexavalent 
chromium based materials have led to a worldwide search for new red pigments. Due 
to this, iron oxide pigments have become increasingly important based on their non- 
toxicity, chemical stability and more importantly their range of colours. Hematite, a- 
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Fe203, has a change of colour from red to dark violet with increasing particle sizes. 
As iron is vastly abundant then the production costs are relative cheap making it an 
economically viable option. It is used in colouring construction materials, paints and 
coatings, plastics and rubber also being used in enamels due to its high temperature 
resistance. Recently, new rare earth red pigments have been produced which are 
based on praseodymium doped ceria and cerium sulphide. '45 In addition, a orange 
pigment, based on an oxynitride based perovskite has been discovered . 
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Unfortunately, all of these new materials have inherent problems with their synthesis 
or use. LaTaON246 is synthesised by annealing of the lanthanum and tantalum oxides 
in an ammonia stream. This process does not lend itself to easy scale-up for the 
pigment industry. In addition, this oxynitride and both cerium-based materials are not 
totally air stable and react with air/water. Use of such materials in the pigment 
industry is not unknown since air stability can be induced by coating in a protective 
polymer or silicate film, but the coating itself unfortunately acts as a diluent to the 
pigment and adds another stage to the procedure for producing the pigment. 
A real alternative to the cadmium-based materials has still not been produced. Part of 
this research thesis is devoted to looking for alternatives to these materials. Chapter 5 
investigates doping and stabilisation of a tin niobate phase that was originally reported 
by Sleight47'48 and co-workers to give both yellow and red crystals, depending on 
tin: niobium ratio. 
1.5.3 Blue 
If green is the colour of the land and nature, then blue is the colour of all that 
surrounds it, the sky and oceans all give off a relaxing feeling of calmness and well 
being. Unfortunately it is not possible to take the colour of the afternoon's sky and 
apply it to a physical object, as it is only the refraction of the sunlight that makes the 
sky appear blue. Throughout the ages there has been great use of blue pigments, inks 
and dyes because of the calming influence of the colour. The Ancient Egyptians used 
Lapis Lazuli, a blue mineral, to colour many of their works of art and as a stone in 
jewellery, blue minerals have been sought after for a very long time. The use of blue 
pigments does not have to be obscure, after traditional black ink, blue is the second 
most common in the pens used today, probably, as it is so much less harsh on the 
eyes. 
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In the modem day, an image or object that is mainly white but with a slight blue tint 
looks more clean and fresh than if it were coloured with any other tint. A high 
percentage of bottled water is sold in blue transparent plastic that indicates blue is a 
colour long associated natural well-being. Low-grade ultramarine is also added to 
washing powder to produce a `bluey-whiteness' in clothes for the impression of extra 
cleanliness. 
1.5.3.1 Previously used Blue Pigments and their Problems 
Unlike the other two colours, red and green, blue has not had the same toxicity 
problems of many of the traditionally-used pigments. The main metals involved in 
the colouring of natural and synthetic blue pigments are iron, cobalt and copper, all of 
which are far less toxic than the likes of chromium and cadmium. This has led to the 
production of a relatively competitive blue pigment industry with competitors always 
looking for cheaper ways of making similar pigments. 
Traditional Name Chemical Name Chemical Formula 
Azurite basic copper(II) carbonate 2CuCO3. Cu(OH)249 
Cerulean blue cobalt(II) stannate 
Cobalt blue cobalt(II)-doped alumina glass 
Egyptian blue calcium copper(II) silicate 
Indigo 2,2'-Biindolinyliden-3,3'-dion 
Lazurite 
S3 /S2 in a sodium alumino- 
silicate matrix 
Posnjakite basic copper(II) sulphate 
Prussian blue iron(III) hexa-cyanoferrate(II) 
Smalt cobalt(II) silicate 
CoO. nSnO2 
COO. AI2O313 
CaCuSi4Olo13,14,50 
C16H10N202 
Nag[Al6Si6O24]S 12,51 
CuSO4.3 Cu(OH)2. H2052 
Fe4[Fe(CN)6]353 
CoO. nSiO2 
Ultramarine synthetic lazurite Na8[A16Si6024)S12sisasss6 
Table 1.3 Blue Pigments 
The main blue pigments that have been utilized when available either through 
synthesis or when excavated from the ground are: Azurite, 49 Cerulean Blue, cobalt 
blue, ls Egyptian blue, 13,14,50 Indigo, Lazurite, 12,5' Posnjakite, S2 Prussian blue, 53 Smalt 
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and Ultramarine, 12,51,54,55,56 (see table 1.3). Although the history of blue pigments is 
not as chequered as some of the other pigments, one particular blue is responsible for 
a phrase that is still in applicable today: Woad was a blue pigment used as a cheap, 
less intense substitute for indigo. The human input in the production of woad has led 
to terms such as `Blue Monday' that are now used in general vocabulary. The 
manufacture of the woad involves alcohol-induced fermentation of woad leaves with 
human urine. The dyers, by drinking heavily, would increase the alcoholic 
concentration of their urine each Sunday and then leave the fabrics to soak in the 
freshly filled, alcoholic-urine and woad baths overnight. Once thoroughly soaked, the 
fabric was exposed to air in order to obtain the blue colour through oxidation of the 
dye. Drunken dyers lying around hanging fabric on Mondays gave rise to colloquial 
German expressions such as "Blauer Montag" (blue Monday = stay away from work 
on Monday) and "Blau werden" (get blue = get drunk). Unfortunately, this practice 
faded out with increased availability of the more intensely coloured indigo dyes, but 
most people can still relate to a "Blue Monday" feeling. 
The most favourable blue pigment of the past and in the present day, which has long 
since had synthetic equivalents of the natural mineral, is ultramarine blue. It has an 
incredibly intense blue colour that is rarely matched, and is stable under most 
conditions. The one major weakness of ultramarine is its acid sensitivity that does 
limit its applications in certain media. Ultramarine blue can be made with a more red 
hue or more green, with the former being in higher demand commercially. Research 
into why the two different hues of ultramarine form is necessary for the industry to 
progress and produce a consistent pigment. 54,55,56 Holliday Pigments, major interest 
in sponsorship of this thesis is to find ways to improve the colour and consistency of 
their ultramarine product. Studies in accordance with this work are included in 
chapter 3. 
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1.6 Scope 
The objective of this thesis is to investigate a series of materials that have existing or 
potential applications as pigments. Ultramarine has a long and illustrious history as a 
pigment, but the synthetic process used to produce ultramarine is poorly understood 
and shrouded in myth and hearsay. Chapter three attempts to unravel some of the 
myths behind the production of red-shade ultramarine by investigating the effect of 
different occluded cations and the silicon: aluminium framework ratio on the colour of 
ultramarine. Copper borates produced from cheap starting materials are investigated 
as a potential replacement for some of the toxic heavy metal green pigments in 
chapter four. By varying the ratio of reactants to produce mixtures of two blue-green 
copper borates, the material with the best colour properties is produced and 
investigated for stability. A variation on the blue-green theme is investigated in 
chapter 5 where the Co-Al-Ge-O spinel system is probed by varying the occupancy of 
the two transition metal cation sites. Finally, yellow through orange to red materials 
are produced in the tin niobate system by doping with sulfide to stabilise the 
pyrochlore system before a discussion of the materials produced and evaluated 
concludes the thesis. 
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Chapter 2 
Experimental 
2 Experimental 
2.1 Solid State Synthesis 
The ways in which inorganic pigments are synthesised industrially varies from 
pigment to pigment. During the course of this work, only direct solid-state reactions 
were used to prepare the various samples. 
A solid-state reaction usually involves very little work-up compared to an organic 
preparation, which may involve many steps before the starting reagents are even 
formed. Simple combination of the relevant starting materials such as metal oxides, 
sulfides, carbonates or oxo-salts is theoretically all that is needed to prepare a material 
in the solid-state. The homogeneity of the reactants, and the particle size within them, 
are the major factors in determining the rate at which the reaction takes place. 
Therefore, if the particle size and time available to regrind and reheat are limited, the 
final product will be less pure. Experiments in the solid-state tend to be long due to 
slow diffusion in and between solid particles. Reaction times are increased further by 
the formation of large particles during the reaction, which reduces surface contact and 
therefore limits the exposure of the reagents to each other (see figure 2.1). ' As the 
reaction time increases, the diffusion path length increases and hence periodic 
regrinding is used to reduce the particle size and the synthesis time. 
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Figure 2.1 Comparison of large and small particle sizes 
2.1.1 Different Reaction Environments 
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Various different methods can be used to produce solid-state materials depending on 
the stability of the starting compounds. For example, a compound that is likely to 
oxidise during a reaction in air to an unwanted oxidation state may need to be formed 
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in a special atmosphere to prevent the oxidation. The different environments used 
throughout this thesis to generate the materials are detailed below. 
2.1.1.1 Furnace Methods 
The most basic method for preparing a solid-state material is the simple open boat 
reaction method (see figure 2.2). The reactants are simply homogeneously ground in 
a pestle and mortar. A low boiling point solvent, such as acetone, can be used to wet- 
grind the powdered reactants to improve mobility of the starting materials and 
decrease grinding time. Once ground, the mixture can then be heated in an open boat 
or crucible in a tube or box furnace. This method does not affect mixing on an atomic 
scale and typically results in long reaction times. Although raising the temperature 
can reduce the reaction time, there is a limit on the maximum temperature which can 
he used. As most solids melt incongruently, both reactants and products must be kept 
in the solid state to avoid the problems caused by incongruent melting. Reducing the 
particle size by frequent regrinding and increasing interfacial contact by pressing the 
samples into pellets, can reduce the reaction time of the solids and increase the purity 
of the final product. 
Weigh G rind High to mperahire reaction 
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Figure 2.2 Preparation of solid state samples 
The course of the reaction can be monitored using powder X-ray diffraction to 
investigate the purity of the material after each firing. 
Sometimes the target material contains ions in unusual oxidation states and therefore 
it is not possible to synthesise the material under normal atmospheric conditions. One 
method that can be employed to prepare these compounds is annealing under a 
specialist gas. A schematic diagram of the apparatus, using a silica tube connected to 
the specialist gas source, is shown in figure 2.3 Combinations of different gases can 
be used to provide the right conditions to produce the desired final product. This 
method can also be used during secondary reactions once the initial product has been 
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synthesised to alter the anion content. For example, if the product had some 
unwanted oxygen vacancies then the specialist gas source would be oxygen (more 
oxidising than air) and would be passed over the sample at an elevated temperature to 
reduce the oxygen vacancies. 
2.1.1.2 Sealed Tube 
The sealed tube reaction method was used in combination with a glove box for 
reactions where the starting materials were not stable in the atmosphere. The Braun 
glove box is completely sealed from the general laboratory atmosphere and filled with 
dry argon gas, which allows air sensitive compounds to be handled with ease. The 
starting materials were homogeneously ground in a pestle and mortar within the glove 
box and inserted into a silica tube. The silica tube was fitted with a tap, via some 
rubber tubing, and then removed from the glove box and evacuated using a vacuum 
line. Finally the tube was sealed using an oxy-methane blow-torch and transferred to 
a furnace. 
Sample Sealed tube 
_ 
High Temp 
Tube Fun arc e 
Figure 2.4 Sealed Tube 
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Figure 2.3 Set up for open boat reaction under specific gas 
The sealed tube was heated in a work-tube in a tube furnace for the required reaction 
time. Typically the heating rate was slow for the sealed tube reactions to allow any 
volatile constituents to react rather than vaporise and cause a pressure build-up inside 
the tube. After cooling, the tubes were opened using a glass-cutter and the contents 
were reground and analysed for sample purity and colour (see figure 2.4). 
2.1.1.3 Pellets 
The first two synthetic methods allow the compounds to react together as loosely 
combined powders. In many cases it is beneficial to compress the reactants into a 
pellet using a die (see figure 2.5). This increases the overall interfacial contact of the 
reactants and can eliminate loss of certain gases by physically removing their escape 
pathway. This process can be scaled up for industrial processes by compressing the 
reactants into large bricks. 
25 tonnes 
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Upper Dye Plate 
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Figure 2.5 Pellet Press 
2.2 X-ray Diffraction 
2.2.1 Background 2,3 
There is a surprising lack of simple techniques for the characterisation of materials in 
the solid state. Most simple spectroscopic methods employed for the characterisation 
of organic materials use a solution of the material as part of the measurement 
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procedure. Inorganic pigments generally have high melting points, low solubilities 
and usually only keep their optical properties when in the solid state. Therefore the 
normal solution-based spectroscopic methods are not easily applied to these inorganic 
materials. 
Although there are two X-ray diffraction methods; single crystal or powder, the single 
crystal method is rarely used in solid-state chemistry due to the high melting points 
and low solubilities of the materials. In contrast, powder X-ray diffraction is one of 
the most commonly used analytical techniques in solid-state chemistry. Since every 
powder diffraction pattern is unique, it can be easily used for quality control purposes 
or to monitor reactions. 
2.2.2 Powder X-ray Diffraction (PXD) 
Powder X-ray diffraction can be used in various ways including crystal structure 
determination, measurement of particle size, detection of crystal defects and disorder 
and determination of phase transitions. The main reason for the use of powder X-ray 
diffraction in this work was to investigate sample purity; which phases had been 
synthesised and which starting materials remained in the product. By studying an X- 
ray pattern, an insight into the completeness of a reaction can be gained, indicated by 
a new pure single phase for a complete reaction compared with a pattern of the un- 
reacted starting materials that would indicate a mixture of phases. 
2.2.2.1 X-ray interactions 
X-rays interact with, and are scattered by, the electrons in the electrons clouds of the 
atoms or ions in a sample. It is the interference between these scattered waves which 
is analysed to give information about the inter-atomic spacing in the compound under 
study. For interference to occur, the wavelength of the X-rays must by comparable to 
the separation between the atoms. During the course of this work, Cu K1 radiation, 
with a wavelength of 1.5406 A, has been used for all the powder X-ray diffraction 
experiments. 
2.2.2.2 Generation of X-rays 
When a beam of electrons is incident upon a metal target, a core electron will be 
ejected from the metal, provided the beam is of higher energy than the core electron. 
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This process leaves a vacancy in a low energy core orbital that needs to be filled. 
Electrons from higher shells fall down (decay) to fill the vacancy in the core orbital. 
The difference in the energy between the higher energy orbitals and the core orbital is 
then emitted as an X-ray of precise energy. The X-rays produced are characteristic of 
the target element used. 
2.2.2.3 The X-ray Tube 
The construction of the X-ray tube is simple: a high current is used to heat a tungsten 
filament in a vacuum and produce electrons by thermionic emission. These electrons 
are then accelerated by a high voltage ( ca. 40 KV) towards a metal target to generate 
the X-rays. Core electrons are knocked out of the metal target and the X-rays are 
produced by decay. A beryllium window is used to allow the X-rays to escape from 
the tube, as beryllium is transparent to X-rays due to its low atomic number. The 
metal target is efficiently cooled as only a small percentage of the incident electrons 
produce X-rays and most of the electrons cause heating of the target (see figure 2.6). 
Figure 2.6 X-ray generation 
The spectrum of the output from the X-ray tube (see figure 2.7) shows a high 
background that is generated by the "Bremsstrahlung Radiation", which is caused by 
the energy loss of the X-rays as they enter the metal. It is often called `white 
radiation' as it is emitted over the full wavelength range. 
The four sharp X-ray lines, which are superimposed on the Bremsstrahlung Radiation, 
are generated from the quantised electronic transitions within the target metal. The 
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labelling of these lines describes which orbital the decaying electron has come from 
and the electrons spin state. `K' indicates that the ejected core electron has come 
from the Is level. The symbols a and ß denote the orbital that the decaying electrons 
have come from, this being the 2p level and 3p level respectively. The subscript 
number refers to the spin state of the electron filling the vacancy, 1 and 2 being the 
only possible values. 
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Figure 2.7 Generated X-ray wavelengths 
2.2.2.4 Using the X-rays 
X-rays with a single wavelength are required for the diffraction experiment and X-ray 
tube output radiation must be filtered to extract a single wavelength. Firstly, a metal 
filter is used to remove the majority of the unwanted radiation (e. g. a nickel filter can 
be used for a copper target). This filter removes the Kß lines and white radiation but 
leaves both K. lines. A double single crystal monochromator is used to give a single 
wavelength by manipulation of the Bragg equation (equation 2.1), where the fixed d- 
spacing of the single crystal at a fixed angle to the beam, produces a single 
wavelength. 
nit = 2d sin ü 
Equation 2.1 
The resultant monochromatic beam can then be directed towards the sample through a 
collimator. The sample scatters the X-rays, which are then collected by the detector 
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(see figure 2.8). Throughout the course of this work, a Bruker D8 Advance powder 
diffractometer operating with monochromated Cu 1.1 radiation, produced using a Ge 
(111) monochromator, was used for all analysis. A PSD (position sensitive detector) 
was used to detect the scattered X-rays. 
2.2.2.5 Preparation of Samples for PXD 
If the sample is a powder then it takes very little time to prepare it for powder X-ray 
diffraction. The sample is ground down with a pestle and mortar, and then carefully 
put into the sample holder. The top of the powder is levelled off until it is flush with 
the top of the sample holder, which allows the X-ray to strike a flat surface. 
Deviation in the sample height across the sample surface results in errors of the 
reflection positions in the final diffraction pattern. 
The detector collects the scatted X-rays as it moves round from a set 20 starting point 
to its final 20 finishing point. In optimise the signal to noise ratio of a scan, the 
operator of the diffractometer can control the length of time a scan will take by 
altering the size and speed of steps taken by the detector. This gives a pattern of 20 
against intensity for the sample under study. 
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Figure 2.8 Diagram of XRD Method 
2.2.2.6 Handling Powder X-ray Diffraction (PXD) Data 
The collected data are invaluable as they can show immediately whether or not the 
starting materials have reacted to form a new desired phase. The pattern can be 
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compared with previous attempts to make the product by other synthesis routes or 
with other patterns that have been globally collected and stored. There are over 
150,000 unique powder diffraction data sets on a CD-ROM call the JCPDS (Joint 
Committee on Powder Diffraction Standards). A direct comparison with another 
pattern can help confirm that the reaction has gone to completion and that a single 
phase has been prepared (see figure 2.9). 
Figure 2.9 shows the data from a copper borate sample that has been analysed using 
PXD; the continuous black line is from the experimental data. The blue and red 
vertical lines represent the position and relative size of the reflections of copper borate 
and copper oxide reference patterns, which have been taken from the JCPDS files. 
From these data, it is easy to see that the copper borate sample still contains unreacted 
copper oxide and therefore needs a longer reaction time. The computer software can 
also label all of the reflections allowing the data to be represented in a tabular form if 
required. 
When the operator is satisfied that a pure phase has been synthesised, a better signal 
to noise can be achieved by longer collection times per incremental step. This data 
can then be analysed using the Rietveld refinement method, which is explained in 
section 2.4. 
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Figure 2.9 Example of XRD pattern (Copper Borate) 
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During the course of this work, data for ascertaining sample purity were collected 
over a 20 range of 5-60° using a 0.0147 20 step over a period of 25 min. For Rietveld 
refinement, data were collected over a 20 range of 10-110° using a 0.0 147 20 step 
over a period of 16 h. 
2.2.3 Powder Neutron Diffraction (PND) 
The powder neutron diffraction experiments were carried out at the ISIS facility, 
Rutherford Appleton Laboratory, Oxfordshire. The POLARIS instrument was used to 
collect medium resolution, high intensity, time-of-flight (TOF) data over a period of 
four hours per sample (see figure 2.10). 
2.2.3.1 Why Use Neutrons 
PND is an excellent, but expensive, analytical technique that can provide detailed 
structural information pertaining to the position of light atoms in an ordered 
crystalline solid. In complex inorganic materials, the paucity of the data provided by 
the X-ray technique (short data range due to the form factor) often does not allow the 
positions of light atoms to be determined accurately. 
The diffraction of neutrons by crystalline solids occurs in a very similar way to X- 
rays. The only difference is that the neutrons actually interact with the nucleus of the 
atoms rather than the electron clouds around them. The neutrons are able to penetrate 
more deeply into the sample giving a diffraction pattern that represents more of the 
bulk structural characteristics rather than just the surface. 
X-ray diffraction of a compound is dependant on the interaction of the electron clouds 
of the atoms or ions within it with the X-ray radiation. The scattering power of each 
atom is therefore dependant on the number of electrons surrounding it, meaning that it 
is difficult to distinguish between elements with similar atomic numbers and light 
elements scatter the X-rays very weakly. 
As neutron diffraction occurs due to the interaction between the nucleus and the 
neutrons, each of the elements, and even their isotopes, has very different scattering 
powers. This means that both lighter atoms, such as oxygen and lithium, can be 
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observed and atoms of similar atomic number can be distinguished, since their 
scattering power is no longer related to their atomic number. 
Due to the wave-particle duality of the neutron it is possible to describe its energy 
using the de Broglie equation (equation 2.2) 
A= h/mv 
Equation 2.2 
where X is the wavelength, h is Plank's constant, m is the mass and v the velocity of 
the neutron. As the production of neutrons is a very costly business, the de Broglie 
equation is used in the ISIS suite of instruments to use all the neutrons generated from 
the neutron source; vide infra. 
2.2.3.2 Source of the Neutrons 
To provide a useful source of neutrons, with the correct energy required to produce a 
diffraction pattern, their equivalent wavelengths must be around 1.5A. Unlike X-ray 
diffraction, which uses fixed wavelength radiation, the ISIS facility uses a pulsed 
neutron source which provides a beam of neutrons with a wide range of energies (and 
hence wavelengths). 
The neutron beam is created by bombarding a heavy metal target, typically uranium 
or tantalum, with a pulsed beam of high energy protons. The target converts the 
proton beam into high energy neutrons through the spallation process. The variable 
energy neutrons that are scattered from the target in a radial manner can then be used 
for diffraction experiments. A line is taken from the target to the instrument, 
therefore reducing the intensity of the beam of neutrons as only those travelling in the 
correct direction can be used for diffraction on a fix position sample. 
In order to control the energy range of the neutrons the beam is passed through a 
moderator. In the moderator, the neutrons undergo inelastic collisions with the light 
atoms that comprise the moderating fluid. This process reduces the energy of the 
neutron beam. POLARIS uses an ambient temperature water moderator. 
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2.2.3.3 Detection of Diffracted Neutrons 
After leaving the moderator, the polychromatic beam of neutrons travels a known 
distance through the sample and into the detectors. There are 4 banks of detectors in 
the POLARIS instrument - two at low angle, one backscattering and one at 90 degrees 
(see figure 2.10). 
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Figure 2.10 POLARIS detector banks set up 
2.2.4 The Rietveld Method 
Once data from either neutron or X-ray diffraction experiments have been collected 
over a suitable amount of time, i. e. to improve the signal to noise/background ratio, 
mathematical calculations can be carried out in order to gain an increased structural 
understanding of the polycrystalline sample. In 1967 Hugo M. Rietveld published a 
method which unlocked the potential information stored within powder diffraction 
data, enabling the study and structural refinement of a wide range of powdered 
compounds to take place. 
4,5 This method basically provided a way to compare an 
observed and a calculated diffraction pattern, providing the peak intensities were 
taken at equal angular step sizes. The calculated peak positions and sizes are based 
upon a theoretical model comprised of a number of structural/positional and 
instrumental parameters, e. g. atomic positions, space group, temperature factors and 
lattice parameters, zero point error and a function to describe the peak shape. Once 
the calculated pattern is produced, least-squares refinements are carried out until a 
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best fit, with the observed pattern, is obtained over the entire collected range. In this 
work the GSAS6 (General Structure Analysis System) suite of programs was used. 
2.2.4.1 Refinement Theory 
The digitally recorded powder data are taken as a numerical intensity value, y;, at each 
of the several thousand equal increments (steps), i, that amount to the diffraction 
pattern. Depending on the method, the increments may be either in scattering angle 
20 or time-of-flight, for neutron data. The Rietveld method is used irrespective of 
difference between data collection sources, the only distinction arises in the 
preparation of the data and the instrument parameters that are refined, but not in the 
method itself.? 
For any given refinement a best-fit is required, this being the best least-squares fit to 
all of the thousands of yl's simultaneously. The calculated summation of all the data 
points, Sy, is given by the following equation: 
sy wr (Yr -YJ2 
Equation 2.3 
where 
WI =l/y 
yi = observed intensity at the it' step, 
yci = calculated intensity at the t` step. 
The value of the calculated intensity yci takes into consideration many constants, 
theories and assumptions. 
In order to scatter the incident radiation in any sort of distinguishable pattern, the 
atoms must be in ordered and relatively stationary positions. The structure factor F, 
is the sum of the contributions of the scattering amplitudes, f, and the phases, 4, of 
each atom, leading to the following expression: 
N 
Fj =Zf exp[ioj 
] 
! =1 
Equation 2.4 
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In a unit cell, the total phase shift of an atom j, at a point (xi, yj, zj) from the origin is 
the sum of the phase shifts in each direction. When the phase shift is evaluated, the 
structure factor for one unit cell becomes: 
F, k, = 
2: f exp[2ni(hxj + kyi + lz, )] 
Equation 2.5 
Where h, k and 1 are the Miller Indices that define the reflecting plane. For very small 
crystals, it may be shown that the intensity of the scattered beam is proportional to the 
square of the structure factor. 
Ihkl =kL2IFM, ) 
2 
Equation 2.6 
where k is a scaling constant and L the Lorentz factor, a geometric function of the 
method of data collection and hence the instrument used. In real crystals, the 
scattering intensity is modified by imperfections in the lattice structure. Defects and 
substitutional disorder cause local structural irregularities, particularly in non- 
stoichiometric materials. Additionally, thermal motion causes a reduction in the 
scattering intensity as a result of atomic vibrations moving the atoms away from their 
ideal in-plane positions, thus disrupting the in-plane behaviour of their combined 
scattering. The correction to a structure factor reflected by a plane, hkl, takes the 
form: 
T,, = exp -B,, A2 
sin2 0 
Equation 2.7 
So that for a unit cell, the structure factor becomes: 
F. = I b, n, exp -B. 
S A2 e 
exp[2; ci (hx, + ky, + lz j )] 
I=I 
Equation 2.8 
Where nn is the occupation factor of the jt' atom, equal to one in a structure free from 
defects and bj is the isotropic temperature factor. However, this assumes that the 
displacements due to the thermal motion are isotropic, which only occurs in some 
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highly symmetric special sites of cubic space groups. A more rigorous analysis 
describes the anisotropy of thermal motion in the form of an ellipsoid, replacing the 
above equation with: 
-1/4(Bh2a*2 +Buk2b*2 +B3312c*2 + T,, =exp 2B, 2hka*b*+2B23k1b*c*+2B13hia*x*) 
Equation 2.9 
A number if expressions can be used to simulate the thermal motion, but the form 
above has been used throughout this work. 
The intensity of the scattered beam at a particular point is also dependant on the 
multiplicity of the particular hkl reflection. Therefore, for a specific hkl reflection in 
a given crystal symmetry class, there can be a number of equivalent planes diffracting 
at the same angle to give an increased intensity. 
2.2.4.2 Data Refinement 
The Rietveld method is now widely used and recognised to be uniquely valuable for 
structural analysis of crystalline materials not available as larger single crystals. The 
typical process followed during a refinement of a powder diffraction data set was as 
follows: 
- Select a model structure by comparison with diffraction patterns of known 
structures. 
- Refinement of the overall scale factor and background parameters. 
- Refinement of the lattice parameters, zero point error in order to align the 
Bragg reflections. 
- Initial refinement of primary peak shape parameters. 
- Allow atom positions to vary, therefore finding the true positioning. 
- Refinement of atomic isotropic temperature factors in order to define its 
thermal motion. 
- Additional refinement of peak shape parameters including asymmetry. 
- Possible variation of the anisotropic temperature factors. 
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Looking back at the original equation, which describes the sum of all quantities 
minimised in the least squares refinement, Sy, the calculated value, yc;, can now be 
expanded. 
12 Y1 =sl]LklF c5(29, -20k)PkA+Yb, 
k 
Equation 2.10 
where 
s= scale factor, 
k= Miller indices, hk1, for a Bragg reflection, 
Lk = contains Lorentz polarisation and multiplicity factors, 
4= reflection profile function, 
Fk = structure factor for the 0 Bragg reflection, 
Pk = preferred orientation function, 
A= an absorption function, 
ybi = background intensity at i`h step. 
The preferred orientation function accounts for the tendency of certain types of 
crystallites to be order in one particular set of ways and is defined as: 
Pk = 
[G2 + (1- G2) exp(-G, ak )] 
Equation 2.11 
Where Gi and G2 are refinable parameters and ak is the angle between the presumed 
cylindrical symmetry axis and the preferred orientation axis direction. 
Since a comparison of intensities is performed at every point, it is essential for the 
construction of the calculated profile to accurately describe the shape of the Bragg 
reflections i. e. peak shape. Peak shape is generally dictated by the instrument; for the 
Bruker DSADV . JCE the peak shape 
is pseudo-Voigt, and described by the equation: 
7JL+(1-r7)G 
Equation 2.12 
where L and G are the Lorentzian and Gaussian contributions to the peak shape and rj 
is the mixing parameter which can be refined as a linear function of 20; 
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rJ=NA+Nß(20) 
Equation 2.13 
where NA and NB are refinable parameters. 
The contributions to the peak shape due to Gaussian (G) and Lorentzian (L) are 
calculated as follows: 
G= (H exp(-41n2(20, -20k)' / Hk ) 
ký 
Equation 2.14 
and 
L=21 1+4 
(29, -20k)2 
; rHk 
/ 
Hk 
Equation 2.15 
where 20k is the calculated position for the 0 Bragg peak corrected for the counter 
zeropoint and Hk is the full-width-at-half-maximum (FWHM) of the 0 Bragg 
reflection. The full width at half maximum (FWHM), Hk, of a peak has been shown 
to vary with scattering angle and is modelled as: 
H, t =U tang O+V tanO +W 
Equation 2.16 
where U, V and W are the instrument dependant refinable parameters that can also 
account for peak broadening due to the sample particle size. At the low scattering 
angles, due to the finite sizes of the beam and sample, the peak shape shows marked 
asymmetry, which shifts the peak maximum to a slightly lower angle without 
affecting the intensity. This asymmetry can be corrected by the use of a semi- 
empirical correction factor: 
1- sP(20, - 
29k )2 
tall 8k 
Equation 2.17 
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where P is the defined asymmetry parameter and s=1,0 or -1 when 20; - 20k is 
negative, zero or positive respectively. 
When the calculated pattern refinement begins then a comparison with the observed 
pattern is made using the least squares method. The refinable parameters for any least 
squares refinement fall into two groups. The first group defines the structural 
parameters that describe the contents of the unit cell and include all the overlapping 
temperature factors, coordinates and occupancies of each atom. The second group 
contains the profile parameters that define the position, shape and FWHM of each 
peak and consist of the profile scale factor, unit cell parameters, U, V, W, zero-point, 
asymmetry and preferred orientation correction. An assessment of the fit or 
agreement between the calculated and observed profile must be made. This can be 
done quantitatively using a number of reliability factors, Rprofile, Rcxpected and R,, eiglited 
profile- The R-factors are given 
by; 
calc ` 
L, Yobs - Y, e 
Rprofde = Rp =100 
Y, 01.1 
Equation 2.18 
Y2 
Rexp 
u, ed= 
R =100 
(N-P+ C) 
Z Wi (Yins) z 
Equation 2.19 
Where Rp is defined from the statistics of the refinement and N is the number of 
observations, P is the number of refinable parameters and C the number if constraints. 
ý(, b, 
y WIC 
Y2 
R. i a_pmtfe = R, p =100 
f1 
wi yobs 
Equation 2.20 
Mathematically, RWeIghtw profile (RWp) is the most meaningful of the three R-factors 
because the numerator is the residual being minimised. For this reason, it also reflects 
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the progress of the refinement and is generally quoted as one of two numbers when 
publishing a particular refinement fit. The second quoted value is chi-squared 
parameter, x2, which is a measure of the whole fit and also minimised during the 
refinement. 
z 
2 
Rwe: 
ghled 
_ profile 
Rexp 
eaed 
Equation 2.21 
Therefore, for a successful fit, the Rµeighted profile should approach the statistically 
expected R-factor (R,, p). It is also possible to see how well a refinement is 
progressing by examining the plot of the two profiles. The difference line produced 
should be as flat as possible as show below (see figure 2.11). 
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Figure 2.11 Graphical Representation of a refinement fit using GSAS (the lowest line, pink, 
represents the difference between the calculated pattern, green line, and the collected pattern, 
red crosses. The vertical tick marks, just above the pink difference line, represent the positions 
of the calculated reflections based on the refined cell parameters and space group). 
2.2.4.3 Neutron Diffraction Data Refinement 
The information available from neutron diffraction data is similar to that of X-ray 
diffraction data, but has some significant advantages. As previously mentioned the 
scattering power of the nucleus is no longer related to the number of electrons 
surrounding it. Neutron diffraction experiments are not affected by a form factor and 
therefore allow a much larger data set to be collected. Refinement is then possible 
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over a much greater number of reflections and preferred orientation effects are 
reduced due to the way in which the sample is mounted. 
The time of flight data collected from POLARIS was refined again using the GSAS 
program. The data can be converted into d-spacing using the following equation: 
2dm1 sin O 
h 
Equation 2.22 
where m,, is the mass of the neutron, 1 is the total neutron flight path, 20 the scattering 
angle and h Plank's constant. However an angle dependant absorption correction 
needs to be applied due to the range of incident neutron energies. The peak shape is 
more complex than that of single wavelength data but can be fitted in terms of 
Gaussian, Lorentzian and exponential expressions. The background can be fitted 
using a simple polynomial expression. 
2.3 Mossbauer Spectroscopy 
Mössbauer spectroscopy is a technique that can be used to investigate the local atomic 
environment of an atom in a crystal lattice giving data that can allow the coordination 
and oxidation state of the ion to be determined. All Mössbauer data included in this 
thesis were collected by Dr. M. F. Thomas at The University of Liverpool. 
2.3.1 Background 8,9,1° 
The phenomenon that a nucleus can emit or absorb gamma rays without the loss of 
energy due to recoil was discovered by Rudolph Mössbauer in 1957. The effect was 
first observed in 1911r, although the effect has now been observed in over one hundred 
different isotopes. The suitability of a particular isotope for Mössbauer spectroscopy 
depends on several factors including the half-life of the excited state, the gamma ray 
energy (typically 10-100 keV) and the availability of a long-lived source. These 
restrictions mean that the practical application of Mössbauer spectroscopy is limited 
to relatively few elements, the most common of which are iron and tin. Collection of 
good quality Mössbauer spectra is also dependent on the sample where the sample 
should be in the solid state with a suitably high melting point. In some cases the 
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samples require isotopic enrichment when the nucleus of interest has low natural 
abundance. 
The Mossbauer effect relies on the fact that a nucleus in a solid matrix is held rigid 
within that lattice and is not isolated. If an isolated atom in the gas phase is 
considered, the difference in energy between the ground state of the nucleus (Eg) and 
the excited state (EQ) can be defined as: 
E=Ee -Eg 
Equation 2.23 
E Ey E 
Eg 
ER4 Er 
it 
Figure 2.12 Emission of a gamma ray of energy E. from an excited nuclear state of a nucleus 
having a velocity Vx. ER is the recoil energy, and E= Ee - Es 
Assuming that the emission of the y-ray photon and recoil of the atom occur in the 
same dimension and motion in the other two dimensions remain unchanged; then a 
photon emitted from a nucleus of mass M moving with an initial velocity VX in the 
chosen direction x, the total energy above the ground state nucleus at rest is: 
Ee+yMVX2 
Equation 2.24 
After emission the y-ray has an energy E7 and the nucleus a new velocity (VX + v) due 
to recoil. The total energy of the system is: 
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Eg+Eý, +yM(V2+v)2 
Equation 2.25 
By conservation of energy: 
Ee+j2MVx2 =Eg+Er+j2M(Vx+V)Z 
Equation 2.26 
The difference between the energy of the nuclear transition (E) and the energy of the 
emitted y-ray photon (Er) is: 
ÖE = E-Er = j2Mv2 +MvVz 
SE=ER+ED 
Equation 2.27 
where: ER is the recoil kinetic energy which is independent of the initial velocity Vx 
and ED is proportional to velocity V, r and is a Doppler-effect energy. 
Er is smaller than E by the recoil energy ER and the Doppler term ED, this can be 
simply illustrated, figure 2.13. 
The energy of the y-ray photon (E7) emitted comes from the decay of the nucleus from 
its excited state to its ground state (nuclear transition energy E). This is the only 
source of energy for the whole process of emission, and so it must also provide the 
recoil energy (ER), therefore E1 is significantly less than E. In much the same way, 
there is significant recoil energy when an atom absorbs a y-ray photon. If a y-ray 
photon with energy E. is to excite a nucleus with transition energy E, then Er must be 
greater than E by an amount equal to ER 
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Figure 2.13 Relationship between E, Ey, ER and ED for emission and absorption (not to scale) 
The mean kinetic energy per translational degree of freedom of a free atom in a gas 
with random thermal motion is given by: 
Ek = V2 MW %zkT 
Equation 2.28 
where F. '- is the mean square velocity of the atoms, k is the Boltzmann constant and 
T the absolute temperature. 
Hence ®(2 Ek /M) and the mean broadening: 
Ev = Mv(Vx' )ýV' = f(2 Ek Mv2) = 2f(Ek ER) 
Equation 2.29 
The values of ER and ED can be more conveniently expressed in terms of the y-ray 
energy Ei 
_ 
Er 
ER 
2Mc2 
2Ek 
ED = EY± 
Equation 2.30 
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Mössbauer discovered a way to eliminate the problem of the thermal recoil energy. 
In the Mössbauer experiment the emitting and absorbing nuclei are held rigidly in a 
lattice (and not isolated as is implicit in the preceding discussion); the value of Mthen 
becomes not the mass of one atomic unit, but that of the whole crystal which may 
have _1017 atoms. This results in the in the recoil momentum being taken up by the 
crystal as a whole since the free atom recoil energy is insufficient to eject the atom 
from the lattice site thus precluding momentum transfer to linear translational motion 
of the nucleus, and the lattice vibrations cannot take up the momentum because a 
time-average of zero is established within the decay time. The total energy of the y- 
transition E must be conserved and can only be shared between the energy of the y- 
photon, E,, and the lattice vibrations. As a result of quantisation conditions, a fraction 
of events occur with no change in the lattice vibrations and the entire transition energy 
E is manifest in the y-photon energy (E = Er). 
2.2.5.2 The Mössbauer Experiment 
Mössbauer spectroscopy uses a radioactive source that decays and leaves the 
Miissbauer isotope in an excited state. The absorber, consisting of the material to be 
investigated, contains this same isotope in its ground state. For example, the source 
for 57Fe spectroscopy is normally radioactive 57Co, figure 2.14. 
57CO 
57Fe 
5n 136 keV 
3/2 14.4 keV 1ý 
fVV, 1/2 0 
Figure 2.14 Emission of gamma radiation from excited "Fe source 
Once the correct source of radiation has been selected, it is possible to vary the energy 
of the incident beam on the sample by use of the Doppler Effect. This means the 
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sample is held in a fixed position and the source is moved towards and away from the 
sample at a set speed. Varying the speed effectively changes the energy of the 
incident beam by small amounts and therefore allows a spectrum of speed versus 
absorbance to be produced. The sample only absorbs certain quantities of energy, 
which are determined by the electronic environment of the atoms/ions under study. 
2.3.2 Set-up of Instrument 
A schematic diagram of a typical Mössbauer spectrometer is shown in figure 2.15 
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Figure 2.15 Schematic diagram of a Massbauer Spectrometer 
In the normal transmission experiment the y-rays emitted by the source pass through 
the absorber, where they may be partially absorbed, and they then pass to a detector. 
In order to investigate the energy levels of the Mössbauer nucleus in the absorber it is 
necessary to modify the energy of the y-rays emitted by the source so that they can 
have the correct energy for resonant absorption. Resonant absorption occurs when the 
energy of the y-ray just matches the nuclear transition energy for a Mössbauer nucleus 
in the absorber. This is usually accomplished by moving the source relative to a 
stationary absorber, and hence giving the y-rays an energy shift as a result of the first- 
order relativistic Doppler effect. The motion of the source is normally oscillatory in 
order to provide an energy scan. The resulting Mössbauer spectrum consists of a plot 
of y-ray counts (or relative absorption) against the velocity of the source with respect 
to the absorber, usually measured in millimetres per second. 
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2.3.3 Basic Terminology 
2.3.3.1 Isomer shift 
The isomer shift is used to describe the absorbance of a test sample relative to a 
standard. For example, a change in the oxidation state of an ion or the 
electronegativity of the ligands around that ion would both cause a shift relative to the 
standard. The shift is caused by a change in the magnitude and distribution of the 
electron density around the nucleus. 
2.3.3.2 Quadrupole Splitting 
A non-spherical charge distribution around the nucleus can cause the Mössbauer 
spectrum to split. The absorption peak of an ion in a particular state will be split if the 
angular momentum quantum number "I" is greater than a half, due to a non-spherical 
charge distribution around the nucleus or if the symmetry of the ligands around the 
nucleus is asymmetric. 
In the case of 119Sn, which has an excited state of 1=3/2, the excited state will be split 
into two sub-states ml=±1 /2 and mi=±3/2 (see 2.16). 
In' 
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nnr 
Figure 2.16 Quadrupole splitting for a 3/2 to 1/2 transition. The magnitude of quadrupole 
splitting, delta, is shown. 
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2.4 Solid State - Nuclear Magnetic Resonance (NMR) 
Since the discovery of Nuclear Magnetic Resonance (NMR), first detected in the mid- 
forties by Bloch and Purcell", experiments focusing on hydrogen containing 
molecules in different environments dominated the field. Over the years, it has been 
possible to study more and more nuclei by NMR with the proviso that the compound 
was soluble and the technique could therefore be carried out on a solution of the 
compound. Solvent based NMR is of little use to solid state chemists and therefore 
their interest in the technique was originally minimal due to fixed nature of the 
magnetically active nuclei. In recent years, with the availability of stronger magnets 
and with the development of Magic Angle Spinning NMR, the study of solid 
materials has become possible and increasingly popular. 12,13. is 
2.4.1 Basic Theory 
The nucleus of every isotope has a given nuclear spin (I), having values of 0, %2,1, 
1%z, 2,2%2... etc., depending on its mass and atomic number. The nuclear spin of a 
nucleus can be predicted to a certain degree using the following rules. 
Mass Number Atomic Number Nuclear Spin (I) 
Odd Even or odd 1/2,3/2,5/2 ... 
Even Even 0 
Even Odd 1,2,3... 
Table 2.1 NMR Basic Rules 
The nuclear magnetic moment (µ) is directly proportional to the spin (see equation 
below) 
yIh 
2z 
Equation 2.31 
where y, the proportionality constant, is called the magnetogyric ratio and is a 
constant for each particular nucleus. 
When a magnetic field is applied the nuclear moments are only allowed to take up a 
certain number of orientations. A nucleus of spin I has 21 +1 possible orientations, 
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which are given the value of the magnetic quantum number mi. mi has values of -I, 
-1+1, -1+2, ... , I, i. e. for a nucleus of spin 3/2, mi 
has values -3/2, -1/2,1/2,3/2. 
In an applied magnetic field (B), the energy of interaction is proportional to the field 
and the nuclear moment. Hence the following equation can be written: 
E_- m, B 2, r 
Equation 2.32 
Therefore for a nucleus with I=3/2, four different energy levels are possible and given 
that the only varying value between concurrent level is the mi value, then the 
difference in energy between each level will equal the product of the nuclear magnetic 
moment and the applied field. In addition, to the allowed energy levels, there is a 
selection rule for NMR transitions that mI can only change by one unit, i. e. Amt =f1. 
Thus the transition energy is given by the equation below: 
AE _yhB 2, r 
Equation 2.33 
To detect this transition energy, radiation given by AE=hv must be applied and 
therefore the two equations can be combined to give the fundamental resonance 
condition for all NMR experiments: 
y_ 
YB 
2, r 
Equation 2.34 
As the equation shows, there is the possibility of varying either the field or the 
frequency to find the resonance position. 
From the above equation, for a nucleus of spin I=1/2, there will be only two possible 
orientations of the nuclear spin, mi = +1/2 and -1/2. The lower energy, and therefore 
more stable state given the symbol a and mI=+1/2; the upper state is given the symbol 
ß with m1=-1/2 (see figure 2.17). 
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Figure 2.17 Energy levels and transitions for a nucleus (I = 1/2) in a magnetic field 'B' 
There are two allowed transitions between the upper and lower states: (a) a-ßß, 
which is an absorption of energy; and (b) ß-* a, which represents an induced 
emission. The coefficients of both the absorption and induced emission are equal for 
NMR. Therefore unless there is a difference in the populations of the two states there 
will be no net transfer in energy and equally no measurable effect. 
However, as the sample is in thermal equilibrium, the Boltzmann distribution of 
energies is maintained, i. e. if Na and Nß are the number of spins in the a and ß states, 
then 
N'B 
= exp(-hv / kT) 
a 
Equation 2365 
as by « kT then 
NP 
=1-hvlkT Na 
Equation 2.36 
and therefore Nß < Na, and we get a net absorption of energy and an observable NMR 
signal. As the difference in the populations are very small, only 1 in 100000, then the 
signal is only very small but on the plus side, the coefficient of absorption is a 
constant for any nucleus and therefore the NMR signal obtained is directly 
proportional to the number of nuclei producing it. 
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When the correct resonance frequency has been found then the signal can be detected. 
The interaction with the applied frequency affects the populations of the spin states 
but once removed the nuclei relax back to their equilibrium distribution. The 
relaxation time can be seconds or sometimes several minutes depending on the nuclei 
and therefore can limit the number of repeated observations that are practically 
possible within a given time for a particular experiment. 
2.4.2 Spectrometer 
The general set up of a NMR spectrometer requires a radio frequency (RF) source and 
a magnetic field. The RF is transmitted by a coil and varied until a resonance 
condition is satisfied for that particular magnetic field, the field can also be varied at a 
constant RF. The resulting signal is detected on receiver coils, amplified and 
recorded. As the conditions can't be totally guaranteed, due slight changes in the 
magnetic field, then a standard reference sample is always used. 
2.4.2.1 Chemical Shift 
When in a magnetic field, the electrons within a molecule move in a given direction 
such that they produce a magnetic field that opposes the applied field, causing a 
shielding effect. The implication of this shielding effect is that the nucleus does not 
feel the full strength of the applied field but a somewhat reduced field, thus from 
equation 1.1, the nuclear magnetic resonance frequency will be reduced. The ability 
of the molecule to oppose the applied field is dependant on the movement and density 
of its electrons and will therefore differ from one type molecule to the next. As the 
strength of the shielding is environment dependant and the resonance frequency is 
affected by the shielding then structural information can be gained. 
The term `chemical shift' is defined as the `nuclear shielding' divided by the applied 
field. As the chemical shift is only a function of the nucleus and its environment then 
it is always measured with a suitable reference compound. The reference can either 
be internal or external. The reference can be the solvent or a reference solution added 
or in a capillary tube in the sample respectively. The chemical shift is now defined 
as; 
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S= [(B,, 
f - 
B. 
rmnae) 
I B, 
er 
]xI O' ppm 
Equation 2.37 
where Bref is the magnetic field at the reference and Bsanple is the magnetic field at the 
sample nuclei. From equation 1.1 this can be written; 
S= [(v f-va,,, ae) / oscillator _ 
frequency(Hz)] x 106 ppm 
Equation 2.38 
The difference in resonance frequency between the sample and the reference is 
proportional to the spectrometer frequency; therefore the all three values of frequency 
must be recorded in order to get the chemical shift value. 
2.4.2.2 Chemical Shift Anisotropy 
This term comes from the changing local magnetic field felt by the nucleus caused by 
the non-spherical distribution of its surrounding electrons. As the electrons are no 
longer evenly arranged then their effect takes on a directional dependence that causes 
the chemical shift anisotropy. This affect is minimal in liquid NMR due to the rapid 
molecular tumbling that provides a time averaged shift, therefore there is no 
broadening of the peaks. 
2.4.3 Solids 
As mentioned above, liquid and solid-state NMR provides different problems when 
extracting information from the resonance spectrum. As solid-state NMR is only of 
interest to this work then the above information may seem slightly irrelevant but was 
intended to give something of a basic understanding of what has been an infrequently 
used experimental technique. 
There are three main problems with solid state NMR that do not arise or are averaged 
to zero in solution NMR. 
i) Line broadening due to dipole-dipole interactions 
ii) Chemical shift anisotropy, again causing a broad and complex patterns 
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iii) The Nuclei in solids generally have long relaxation times. Therefore it is 
difficult to improve the signal to noise ratio without spending a long time 
collecting results. 
The dipolar broadening is caused by the interaction between two magnetically active 
nuclei. The local field, B1 , generated 
by the nucleus `B' at the nucleus `A' is given 
by: 
B,, =±per,, -3(3cos2 0 AB -1) 
Equation 2.39 
where µB is the magnetic moment of `B' 
rAB is the internuclear distance and 
8 is the angle between the internuclear distance vector and the applied Bo 
field. 
The plus and minus signs are just to show that the local field can be orientated with or 
against the applied field. 
The chemical shift anisotropy is orientation specific and like the dipolar interaction, 
the chemical shift depends upon (3cos20-1), where 0 is the angle between the 
magnetic field and the principal axis about which the chemical shift is defined. 
Basically the first two problems can be eliminated to a certain extent by the 
introduction of magic angle spinning of the sample vessel (see figure 2.18) at an angle 
which removes the dipolar coupling i. e. 3cos26-1=0. From this equation, the magic 
angle is 54°44' which allows all anisotropic interactions to be averaged to zero so 
long as the speed of rotation is comparable to the chemical shift anisotropy (CSA) 
line-width. Since the CSA can be in the order of a few kilohertz, the speed of rotation 
is typically 3 kHz. The speed of rotation is therefore a limiting factor for the 
resolution of the spectra. 
The slow relaxation times in the solid-state means the samples often require a long 
collection time on the NMR machine. This process can prove more costly or result in 
less-resolved spectra and also limit the number of different frequencies that could 
used to analyse a sample. 
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Figure 2.18 Sample spinning at the magic angle in the applied magnetic field. 
2.5 Scanning Electron Microscopy (SEM) 
SEM can yield information on the morphology, surface structure and elemental 
composition of new or known phases. 15 The principle involves using X-rays to image 
atomic structures. The very short wavelengths allow much higher resolution than that 
of a standard optical microscope. SEM uses the electrons reflected from the surface 
of the material to form the image. Its probe produces a high intensity beam that back 
scatters from the surface and continuously measures as the microscope moves from 
point to point on the surface. In non-conducting samples the surface is coated with 
gold to prevent the build up of surface charge. SEM can be used to image over a very 
large magnification range; from 1µm to 100µm allowing the study of particle 
morphology and size, surface texture, details and defects such as faults and cavities 
(see figure 2.19). 
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2.6 Colour Measurement's 
There are many different ways in which a pigment maybe displayed, depending on the 
lighting or matrix it is in. This means that the colour of a pigment must be tested in a 
comparable way to that it will be used in a final product. Typically the pigment is the 
most costly part of a coloured material and it is normally diluted in another medium 
before use. Therefore, there is no point testing the total colour of a 100% pigment 
sample, if the pigment is never going to be used on its own. By incorporating a 
pigment into an oil or plastic with the appropriate medium, is it possible to see how 
well it performs compared to industrial standards. The use of plastics as a matrix to 
display a pigment also produces a plaque that can be kept and shown to prospective 
buyers of the pigment. For example, a plastics company would be able to see how the 
pigment performed in a plastic sample and could compare it against its own standard. 
The methods used for testing colour throughout this work were given by and carried 
out at "Holliday Pigment Ltd (Hull)". These are standard tests, carried out on a daily 
basis on the site, to determine the physical size and optical properties of the pigments 
produced. The tests are carried out to ensure that the pigments produced are within a 
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Figure 2.19 Close-up of the SEM stage. 
set standard colour and size range thus maintaining the high quality of the final 
pigment produced. 
The tests used were; interval grinding of pigment samples, analysis of materials by 
laser diffraction particle sizing (on Malvern), colour difference from standard test in 
oil and evaluation of colour of sample in high impact polystyrene (HIPS). 
It is important to note that particle size does affect the scattering and absorption 
properties of a pigment therefore colour measurements can only be directly 
comparable if the particle sizes of the samples are the same. This problem can be 
alleviated by interpolation of colour results at incremental particle sizes. This method 
was developed and used by Holliday Pigments, Hull to allow batches of differing 
particle size to be compared for their colour properties without an exact match of 
particle size being necessary. The technical staff at Holliday Pigments, following 
their standard procedure, carried out the colour measurements. The colour 
measurements were carried out using a Macbeth Colour-Eye 7000 for a dispersion of 
ground pigment 0.400(1)g, TiO2 2.000(1)g and linseed oil 0.7 ml. Each sample was 
ground to range of particle size distributions, typically from 4-1 µm. Since there is a 
linear relationship between the colour coordinates and particle size, a colour 
measurement can be taken at a specific surface area of 2m2g'1 using regression 
techniques. Generally 5 to 6 different particle sizes were required for sufficient 
precision. 
As previously mentioned it is vital that the colour of a pigment can be measured and 
therefore allowing it to be compared with a standard, in order to assess its pigmentary 
value. Colour measurements were performed at Holliday Pigments Ltd. in Hull using 
a Macbeth Colour-Eye 7000 colorimeter employing the CIELAB/LCH colour spaces 
(see figure 2.20). 17 
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Figure 2.20 L*a*b* diagram. 
The sample is illuminated by three different light sources, red, green and blue 
generating the tri-stimulus values, which are defined as "the different amounts of 
three matching lights in a given tri-chromatic system, which are required to match the 
shade in question. " For each sample measured, three values, L*, a* and b* were 
calculated using the equations below. L*, a* and b* can be considered comparable to 
the z, x and y axes in the Cartesian coordinate system. It is possible to designate L, a 
and b values for any colour within the three-dimensional space described by these 
axes. Again the L value represents the lightness or luminance, with black and white 
being at the extreme ends of the 0 to 100 scale respectively. The `a' value depicts the 
green (a<0) or redness (a>0) of the pigment, combined with the `b' value, blue (b<0) 
or yellowness (b>0). 
1/3 
L*=116 
Y 
-16 Yo 
Equation 2.40 
X 
1/3 
Y 
I/3 
a* = 50 -- X0 Yo 
Equation 2.41 
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b* = 200 
y »s (z)"3 
-- Yo Zo 
Equation 2.42 
where X, Y and Z= tristimulus values 
and Xo, Yo and Zo = illuminant values. 
2.6.1 Interval Grinding of Pigment Samples 
This technique is entirely dependant on the amount of sample available at the time of 
testing therefore it can be scaled up or down to suit individual sample evaluation. The 
method is basically very simple: 
- 1-mm zirconium beads are placed in a suitably sized plastic tub. 
- Accurate weight of the pigment sample to be ground is also placed in the same 
plastic tub. 
- 0.1% neutrocon solution, equalling the weight of pigment sample, is added 
to the plastic tub. 
- The tube is sealed securely and rotated on a speed mixer, DAC 150 FV, for a 
set speed (3400rpm) and run (5,10,15,15,15,15 seconds etc... ). Then 
removed. 
- After each run, with the use of a plastic syringe and depending on the initial 
weight of the sample, a set amount of pigment suspension is removed for 
drying. Followed by the addition of the same amount of 0.1% neutrocon 
solution to the remaining pigment in the plastic tub. 
- The previous 2 steps are repeated until a total rotation time of 120 seconds has 
passed. 
Typically nine pigment samples are produced, using this methodology, which are then 
dried at 180°C in an oven. The resultant dried samples generally show a good 
correlation between grinding time and particle size (the particle size decreases as the 
grinding time increases). These samples are then tested for particle size using the 
Malvern and colour tested in HIPS or oil. 
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2.6.2 Analysis of materials by laser diffraction particle sizing 
(Malvern) 
The Malvern is a particle size analyser, which can measure the particle size of both 
wet and dry samples. 
A few drops of a wet sample is added to the machines water bath and the computer 
program produces a display of the particle size distribution for the sample. When all 
the previously dried samples have been run through the machine individually, data on 
all the size distributions will be known thus allowing a plot of grind time against 
average particle size. This data can help give an insight into the resistance to grinding 
of the sample and also allow the colour test results to be compared against actual 
particle sizes. 
If the particle sizes are too small, then only grind time against colour test results are 
used. Malvern has a minimum particle size limit of 0.2 microns; there is also a 
practical limit before this machine limit which occurs due to particle agglomeration, 
therefore an accurate particle size cannot always be measured. Similarly particles that 
are of a similar size to that of the wavelength of the laser will preferentially absorb or 
scatter the laser light. 
2.6.3 Colour Difference from Standard Test in Oil 
For each sample, which has been ground and dried previously, the linseed oil-test can 
be used. 
2.6.3.1 Method 
The pigment sample and titanium dioxide were weighed out according to the standard 
amounts for that colour pigment. The two powders were then put into the 
polypropylene pot with the linseed oil (always 0.8m1) and the lid securely placed on. 
The pot was then rotated in a centrifugal mixer for 30 seconds at 3400 rpm. After 
inspection any un-mixed powder, which would generally collect on the side of the 
pot, was pushed down into the rest of the mixture. The pot was then resealed and 
rotated again for 30 seconds at 3400rpm. Using the palette knife, half the resultant 
paste was spread evenly over the glass plate; then drawn down plate slowly with a 
consistent pressure. This resulted in a thin film of sample paste evenly covering a 
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large enough area to fit the Colour-Eye sample measurement window. A plastic sheet 
of Bexoid was placed over the measurement window before the sample was pressed 
against it. The Colour-Eye was always calibrated before each measurement was 
taken. The sample, held by the sample arm, was then analysed for colour. The results 
were stored on a suitable database. 
2.6.4 Evaluation of colour of sample in high impact polystyrene 
(HIPS) 
Producing a colour sample using the HIPS method is very similar to the oil analysis 
with the major advantage being that a solid colour sample can be kept and displayed 
over a long period of time. 
2.6.4.1 Method 
In order to get the sample to stick to the HIPS, the HIPS (1kg) was first coated with 
Armostat (8.8m1). This encourages the pigment to adhere to the HIPS. The mixture 
of Armostat and HIPS were added to a small bucket and were then shaken on the Red 
Devil for 30 minutes. 
The freshly prepared coated HIPS (25g) was added to a mixing jar along with the 
appropriate weight of pigment sample and titanium dioxide, covered with aluminium 
foil and sealed with the lid. The jar was then shaken on the Red Devil for 1 minute, 
then inverted and shaken for a further minute. With all the sample and titanium 
dioxide coated onto the HIPS the contents was put into the Dappat heating and mixing 
chamber. The chamber was cleaned and conditioned previously by adding uncoated 
HIPS (25g) to the chamber and running for 25 seconds after the HIPS was bound. A 
change in the amp-meter to maximum and then a drop indicates the binding point. 
The plastic plug (bound HIPS) was used, with the tongs, to mop out any old sample 
from the chamber. The sample mix was then run through the same procedure, with a 
20 second heating period, producing a coloured plastic plug. The plastic plug was 
placed between the stainless steel plates, inside the shim, and pressed for 1 minute at 
20 tonnes between the heated plates (180°C). The hot sample and steel plates were 
then moved and pressed between the water-cooled plates for a further 2 min (see 
figure 2.21). The resultant cold sample was then removed, labelled and tested for 
colour in a similar manner to the oil analysis. 
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Figure 2.21 HIPS-Plaque diagram 
The two colour analysis methods give different colour results for the same sample (as 
they are in a different matrix that affects the colour). The plaques of the test samples 
were then compared with known standards. 
2.7 Bromine Insoluble Method and ICP-AES Analysis 
ICP-AES analysis (inductively coupled plasma-absorption emission spectrum) allows 
the relative concentration of particular ions in solution to be measured. The sample 
must be soluble in order to carry out ICP-AES analysis. Ultramarine samples for ICP 
testing were dissolved in bromine water using the bromine-insoluble method to 
selectively dissolve the ultramarine and exclude the impurities from the analyses. 
2.7.1 Method 
An accurate mass of sample (approx. 1 g), previously dried at 120°C, was dispersed in 
water (30m1). Bromine was added (1.5m1) with constant stirring. The mixture was 
then left to digest (10 min) before boiling (5 min). Once cooled, a 10% w/v solution 
of sodium sulfite (-3m1) was added to afford complete discolouration. The remaining 
material was filtered through a grade-4 sintered glass-crucible, previously dried to 
constant weight, and washed thoroughly with distilled water. The samples were dried 
to constant weight in an oven and the solutions quantitatively transferred to a 250m1 
volumetric flask, with washings and made up to the mark with distilled water. This 
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process separates ultramarine from its impurities as only ultramarine is soluble in 
bromine water. 
From the weight of the solid collected and the initial weight of the sample used, a 
simple calculation was used to calculate the sample purity. The ICP analysis requires 
the solutions to have an aluminium/silicon concentration of around 15ppm so by using 
a basic formula (i. e. Na7Al6Si6O24S3) for the molecular mass of the ultramarine 
dissolved, a near correct dilution can be made. As the exact formula of ultramarine is 
not known it is impossible to be totally accurate. 
Calibration curves were constructed using aluminium and silicon standard solutions 
(Aldrich) using 0,5,10,15 and 20 ppm solutions. The concentration of the 
ultramarine test samples were then determined using the standards. 
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Chapter 3 
Ultramarine Blue 
3 Ultramarine Blue 
3.1 Introduction 
Since the discovery of lapis lazuli and the preparation of its equally brilliant synthetic 
counterpart ultramarine blue, much research has been carried out, and is still going on, 
to gain a fuller understanding of the zeolite-type host structure and its polysulfide 
colour centres which constitute ultramarine blue. l, 23 This chapter summarises work 
performed to date and investigates the chemical composition of synthetic ultramarine 
materials. 
3.1.1 Background 
In ancient times, the natives of the Badaskan district of Afghanistan discovered a dark 
blue rock. Despite the fact that the rock contained several different materials, such as 
gold speckles of pyrites and white gypsum, the brightness of the blue colour was 
unaffected by these impurities. The ancient people believed it was pieces of the night 
sky which had fallen to earth and they carved it into ornaments and ground it up and 
used it as a crude pigment 4' 5 The dazzling blue rock became known as lapis lazuli or 
lazurite, where the name was derived from the Persian word for blue (azul) and the 
Latin word for stone (lapis). 
As the ancient people developed, they learnt how to extract the material that imparted 
the blue colour to the rock. After washing, the material was ground and extracted 
with oil, which finally led to the production of a pure royal blue material. Export of 
this material to other countries gave lapis lazuli, its other common name; ultramarine. 
"Ultramarine", means `beyond the (Mediterranean) sea' and this name remains in 
common use today. With no other truly competitive alternatives, ultramarine became 
a desired, but expensive, pigment and was in high demand. In ancient Egypt, its value 
was comparable to gold and in the Middle-Ages it was in demand for the most 
important paintings. 
The high cost of the extraction process and the shipping costs for importation 
prompted a need to produce ultramarine synthetically. In 1804, the first chemical 
analyses of ultramarine indicated the presence of silicon, aluminium, sulfur and 
sodium in approximately equal quantities and it was assumed that the undetermined 
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mass was due to oxygen. Guimet6 and Gmelin7 performed the earliest syntheses of 
blue ultramarines in 1826 from kaolin, sulfur and sodium carbonate. Shortly 
afterwards, C. Leverkus founded the first plant manufacturing ultramarine in 
Germany in 1834. The synthetic process to prepare ultramarine blue has changed 
little since it was first introduced and there is much speculation and mysticism 
surrounding the process. 
The stability and safety of ultramarine has been proved for well over a thousand years 
and it has a multitude of uses in everything from plastics and tiles to cosmetics and 
washing powder. Whether it has been taken from the ground or synthetically made, 
the colour and stability of ultramarine has always been a subject of great fascination 
to those who work with or study it. 
3.1.2 Structure 
The commonly accepted structure of ultramarine is one based on the simplest zeolite 
structure, the sodalite cage. Natural sodalite has the formula Nag(Al6Si6O24)C12, 
which was originally determined using single crystal X-ray diffraction by Pauling8 
and further defined by Lons and Schutlz. 9 The sodalite structure is composed of a 
framework of vertex-sharing (A1, Si)04 tetrahedra built into four and six-member 
rings, which produce the truncated 24-hedron known as the ß-cage. Each ß-cage 
contains eight six-member rings, each of which is shared between two ß cages. These 
six-member rings form channels that are parallel to the cube diagonal. The cages are 
stacked within an ABCABC... sequence to give sodalite its cubic symmetry. Each ß- 
cage contains a centrally located tetrahedral [ClNa4]3+ ion (see figure 3.1). 
A diverse composition range exists for this structure in terms of both the tetrahedral 
species in the framework and the many different cations and anions that can be 
incorporated within the cage. Although unusual systems exist, such as frameworks 
consisting of only silicon tetrahedra1° or even where nitride bridges" replace the 
oxide links, the majority of materials are aluminosilicate based. Many different 
cations and anions can be incorporated within the sodalite framework by tilting of the 
tetrahedra out of their normal planes and also by deviation from perfect tetrahedral 
geometry around the tetrahedral atom. Both monovalent (Li', K) and divalent (Ca2+, 
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Figure 3.1 Aluminium, silicon and oxygen cages surrounding a tetrahedral centre. 
Mgt+) cation-containing sodalite materials have been synthesised. However, the 
major flexibility lies in the enormous range of anions of different sizes and shapes that 
2 the framework can incorporate such as SO4", '2 SCN" 13 and CH3OH. 14 
3.1.2.1 Framework Structure 
Depending on the size and geometry of the anion and the ordering of the framework 
tetrahedra, the sodalite structure can crystallise in several different space groups. The 
basic structure of ultramarine was originally investigated by Jaeger, who suggested 
that ultramarine was composed of a rigid aluminosilicate framework and a colour 
species associated with exchangeable cations. 15 Klinowski and co-workers16 studied 
the structure further using 29Si MASNMR to investigate the disorder/order in the 
framework of a synthetic sample of ultramarine. These results implied that the 
framework was disordered due to a5 peak spectrum corresponding to all 
combinations of Si(O-Si)(O-Al)4_,,, where n=0 to 4 and that synthetic ultramarine 
crystallised in the space group I-43m. In contrast, natural lapis lazuli was shown to 
have an ordered framework and crystallise in the space group P-43n, as expected from 
its hydrothermal origins; Lowenstein's rule'? governs structure formation at low 
temperature where the formation of Al-O-Al is energetically unfavourable. The 
general formula generated from this work was Na6.9(Al5.6Si6.4024)(S3)2/3, and hence a 
silicon-rich framework structure. Unfortunately, this precise formula should be 
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treated with some caution, since synthetic ultramarine blue contains typically 5-15% 
impurities that are mainly silicon-rich (e. g. albite NaAlSi3O8). 
3.1.2.2 Colour Centre 
Progress on the identification of the species that impart colour to ultramarine has been 
much slower. UV visible spectroscopy successfully identified that there were two 
species present in ultramarine blue with absorptions at 595 nm and 390 nm. Clark'8 
assigned these absorptions, after various experiments with resonance Raman 
spectroscopy, to transitions originating on the blue S3 anion and the yellow S2 anion 
respectively. Raman spectroscopy has proved an invaluable technique in the 
investigation of species entrapped in zeolites, as fortunately the majority of the 
framework vibrations are not Raman active. Wide variations in ultramarine colour 
from greenish-blue, through turquoise to deep green can be achieved by altering the 
ratio of these two anions. Different colours can also be produced by chemical 
treatment and substitution. Treatment of ultramarine blue with dry chlorine or 
ammonium chloride can produce pink and violet ultramarine pigments. Although the 
tinting strength of these pigments is weaker, they remain valuable commodities. 
Other coloured ultramarines have been produced in the experimental laboratory where 
polyselenide and polytelluride species are present in the sodalite cage to give red and 
green ultramarines. 19,20.21 
It can be hypothesised that these large sulfur anions cause steric hindrance within the 
sodalite cages due to their large size. It has therefore been suggested that the sulfur 
radical has to be generated simultaneously within the zeolite cage during zeolite 
formation. Several hypotheses have been proposed in relation to the encapsulation of 
S2 and S3 polysulfides within sodalite cages. Linder22 claimed that the 
chromophores have to be inserted into the cages during synthesis. Booth23 suggested 
that small colourless sulfur species diffuse into the sodalite cage to form a colourless 
intermediate ultramarine, which is then transformed into the coloured ultramarine 
during oxidation by SO2. Tarling24 used X-ray diffraction to study the synthesis of 
the blue pigment and suggested that the product was obtained before the oxidation 
step. Work by Gobeltz25 followed the production of ultramarine from a mixture of 
metakaolin, sulfur, sodium carbonate and a reducing agent. At various stages during 
the reaction the sample was quenched and IR and EPR spectroscopy were used to 
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investigate the formation of sulfur radicals and sodalite framework. At 600°C or 
below a colourless solid was obtained. From the EPR, the presence of S3 was not 
detected and IR showed no presence of the sodalite framework. Above 650°C the 
sodalite structure was prepared as seen from its IR spectrum, while above 650°C a 
blue product was obtained. Raman spectroscopy showed the characteristic absorption 
at 595 nm indicating the presence of the S3 anion. These authors also developed a 
method of determining the level of cage filling for the sodalite using the EPR signal 
of the material. Typically, it was found that the radical anions occupied 
approximately one third of the sodalite cages only. A hypothetical structure where 
half the cages are filled has been proposed by modelling to give an ideal formula of 
Na7(Al6Si6O24)S3. This assumes that all the sulphur is present as S3 ions and not S2'- 
However, the formula which is most often used is that determined by MASNMR i. e. 
Na6.9(Al5.6Si6.4O24)(S3)v3 which is more sulfur deficient. Miscalculation of the Al: Si 
ratio, and hence charge balance of the polysulfide, caused by impurities in the test 
sample of Klinoswki16 could however predict an inaccurate sulfide content. 
3.1.3 Industrial Synthesis 
The first industrial preparation of ultramarine was carried out more than 150 years 
ago using china clay, sulfur, feldspar, sodium carbonate and reducing agents 
(pitch/tar). This practically unchanged process provides the basis of the current 
industrial synthesis. The synthetic process begins with the intimate blending of the 
formulated quantities of the starting materials, during this period the density of the 
mixture is increased by raising the temperature. This causes the sulfur to melt slightly 
and act as an adhesive so that unreacted material can be pressed into stackable bricks. 
The bricks are placed in the furnaces in an ordered manner to allow a flow of air 
throughout the several tonne stack. The stack is then heated progressively to 800°C 
over a period of three days. After a slow cool to 450-500°C the black bricks are 
oxidised to blue ultramarine by the inlet of a controlled flow of air. The whole 
heating cycle takes at least 21 days. The porous nature of the brick arrangement 
assists in a more uniform heating and cooling of the stack, and allows volatilised 
sulfur to migrate to the surface and bum off. The cold bricks are ground down to 
various final particle sizes (0.7-5µm) and light particles, such as black metal sulfides, 
are removed by froth-floatation using cresolic acid before washing in a basic 
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hydroxide solution to remove any soluble impurities. The fine pigment particles are 
then dried and analysed for colour quality. 
Despite improvements in the engineering aspects of the process such as the bricking 
and milling of the product, many of the chemical aspects of the process remain largely 
unknown and a substantial amount of impurity is present in the product. Factors such 
as the aluminium: silicon ratio in the framework and sulfur content are believed to 
have an effect on the quality and brightness of the product. For example, extra 
feldspar is added in order to boost the silicon content and hence promote the 
formation of brighter shade ultramarine. However, these beliefs are largely based on 
folklore and have little scientific base. The industrial process used, when forming the 
impressively pure looking colour of ultramarine blue product, is relatively crude when 
compared to the controlled and exact conditions that are needed when performing 
laboratory experiments. The raw materials, such as china clay or feldspar, vary 
markedly in composition as they are derived from natural sources. These issues alone 
make identification of key chemical substituents, and their effect, very difficult. This 
problematic point can be highlighted by comparing samples produced by the 
ultramarine manufacturer Holliday Pigments at two different sites, one in England 
(Hull) and one in France (Lille). Similar ingredients and formulations are used at 
both sites with minor differences in the composition of the clay and feldspar. Colour 
analysis of the ultramarine blue samples produced from the two sites shows a notable 
difference in the two hues, despite similar formulations. 
3.1.4 Variation in Colour; Red and Green Shade Blue 
The colour of ultramarine can vary from a bright blue, which is said to have a more 
red hue value, through blue/green all the way to a lesser intense green shade. 
Previous work has established that the mixture of encapsulated S3 (blue) and S2 
(yellow) ions in the framework are primarily responsible for the colour of the 
ultramarine pigment. The S3 ion is generally present in greater quantities and its 
inclusion is vital if a blue colour is to be produced. When green ultramarine is formed 
the two anions are present in a more equal ratio, so the colouring influence of S2 
should not be disregarded. 
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The colour of ultramarine blue therefore depends upon the ratio of the S3%S2 ions to a 
lesser degree, but more on the actual filling of the cages with the S3 ion. Reasons for 
the variation within this ion ratio or incomplete cage filling are far from fully 
understood. This is of major concern to the manufacturers of ultramarine pigments as 
control of the ratio and hence tuning of the colour would be a very useful ability. 
The reaction compositions that have been used to synthesise ultramarine have always 
included a large excess of sulfur. This is seen as being one way of increasing the 
concentration of the main colour providing species (Si) and also necessary as sulfur 
is lost to the atmosphere during the long reaction times. In addition, combustion of 
excess sulfur also helps to increase the furnace temperature during the initial heating 
cycle. The colour has also been improved by adding feldspars to the reaction mixture. 
It has been shown that by increasing the concentration of potassium, which is found 
naturally in varying amounts in the feldspars, a more red hue blue can be produced. 26 
Feldspars were originally added to increase the silicon content of the product as it was 
believed that the brighter shade had a higher silicon: aluminium ratio in the 
framework. However, work has now shown that inclusion of feldspars and a brighter 
colour is only achieved when the feldspar contains a significant amount of potassium. 
During the reaction process the potassium feldspar undergoes an ion exchange 
reaction with the sodium carbonate in the reaction mixture. This produces a sodium 
feldspar and ultramarine containing small amounts of potassium. If the feldspar 
contains no potassium, a dulled colour is produced and the feldspar simply adds to the 
impurities in the product. 27'28 The likely reason for the brighter shade is an increase in 
the concentration of the trisulfide species. This is possibly due to the increased 
stabilisation of the trisulfide radical by the replacement of some of the sodium ions 
with larger potassium ions. A potassium ion, when compared to a sodium ion, has a 
lower charge density and would therefore more compatible with the large singularly 
charged trisulfide species as suggested by simple HSAB theory arguments. 
3.1.5 Silicon/Aluminium Ratio and Sample Impurity 
The brighter and more desirable shade of ultramarine blue, often just referred to as red 
shade, has always been believed to have a silicon to aluminium ratio of greater than 
1: 1. Since kaolinite, with the formula A12Si2O5(OH)4 is the main constituent of china 
clay and contains equimolar quantities of aluminium and silicon, a silicon-rich 
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additive was therefore required to increase the Si: AI ratio. Feldspars with the formula 
MA1Si3O8, M =Na, K, Ca provided a cheap mineral source and were added in variable 
amounts to the mixture. Unfortunately, since feldspars are natural materials, the 
composition is variable and feldspars sourced from different places produce different 
effects. Two different Holliday Pigment plants in Lille and Hull producing markedly 
different shades using very similar recipes illustrate this most strongly. 
The Si/Al ratio and impurity of synthetic samples of ultramarine are two closely 
related topics; an increase in impurity has been shown to be due to the addition of 
silicon-rich feldspars to the starting mixture even though this can improve the shade. 
These impurities are quantified using a technique called the bromine-insoluble 
method that exploits the sensitivity of zeolites to acidic solutions. The process 
involves the dissolution of the soluble ultramarine leaving behind the insoluble 
silicate impurities that are dried to constant weight. Finding out the exact Si/Al ratio 
in the framework of ultramarine blue sample proves more difficult than expected. It 
is not possible to do simple elemental analyses on a sample of ultramarine, as the 
main constituents of its impurities phases are also silicon and aluminium based. X- 
ray diffraction can be used to show that a sample is not pure, but it is not possible to 
calculate any percentage impurity from a diffraction pattern as the impurities have 
low crystallinity, or gain any information about the ordering of the aluminium and 
silicon on the tetrahedral sites, as they are isoelectronic in their oxidised states and 
therefore scatter similarly in XRD. Although an aluminium- oxygen bond length is 
somewhat longer (1.75A) than a silicon-oxygen bond length (1.65A), very small 
changes in the distribution of the framework would make little difference to the lattice 
parameter as the difference between the brightest and dullest shade is theoretically 
less than 10% in the silicon: aluminium ratio. Similar changes could also be generated 
by slight variations in the concentration of the sulfide species or occluded cations. 
Finding the true Si/Al ratio of a completely pure ultramarine sample would be 
advantageous as not only would it give a greater understanding of the cage structure, 
but it would also help put to rest the thought that the more desirable red shade blue is 
only formed if the framework is silicon-rich. 
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3.2 Experimental 
The synthesis of test ultramarine samples was mainly carried out on site at Holliday 
Pigments, Hull. Therefore their standard industrial procedures were followed during 
synthesis and analysis of the samples, for both plant samples and those from the test 
kiln. It should be noted that due to the industrial nature of this part of the research 
very few synthesis process experiments could be carried out at Loughborough 
University, therefore limiting the number of experiments. The consequence of this is 
that there were three types of sample available for analysis and characterisation during 
this chapter: industrial samples and an experimental zeolite 4A sample provided by 
HPL, and samples prepared specifically for this PhD study 
Samples of ultramarine, A120 (red shade), P-Green (green shade), pink, violet and a 
synthetic sample prepared using Zeolite 4A (green shade), were provided by HPL, 
together with the industrial starting materials. A120 is HPL's finest grade with a 
small particle size (0.7 microns) and the strongest tinting capability. It was prepared 
using additional feldspar (7%) in the standard kaolin, sulfur and sodium carbonate 
mixture. P-green contains no additional feldspar and is the finest green shade that 
generally contains low levels of impurities. Pink and violet are prepared by chemical 
treatment of A120 and show similar levels of impurity as the parent compound. The 
zeolite 4A sample was prepared by placing a ceramic pot of mixture consisting of 
sulfur, sodium carbonate, mineral oil and zeolite A (AI: Si framework ratio 1: 1), in the 
place of kaolin, in an industrial kiln. The mixture was fired for the normal 28 d 
reaction cycle and the product was washed with water and hydroxide. Although no 
colour data were provided, the zeolite A sample was described as the brightest green 
shade of blue ever produced. 
3.2.1 Aim 
The main aim of this part of the research was to improve the purity and colour 
performance of the ultramarine products and to investigate the silicon: aluminium 
ratio. 
3.2.2 Overview 
Initially, in order to gain a more adequate understanding of the ultramarine products 
and process, Holliday Pigments Ltd. provided various samples and their industrial site 
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was visited. Additionally, some data that were collected prior to this PhD were 
provided and are included in this thesis for comparative purposes. These data are 
essential to highlight some of the reoccurring problems associated with the 
characterisation of the ultramarine samples. 
Various experimental samples were prepared for firing in the HPL test kiln using the 
standard heating cycle. Samples of ultramarine were prepared from zeolite A, 
samples of zeolite A that had previously been ion exchanged with Li' and K+ 
solutions to investigate the effect of different cations on product colour and pure 
kaolin (Aldrich). Samples of the different products from these reactions were treated 
with different wash solutions (water, sodium hydroxide and potassium hydroxide) 
after synthesis to investigate the effect of post synthesis ion-exchange. 
3.3 Analysis and Characterisation of Industrial Samples 
3.3.1 Experimental 
Powder X-ray diffraction data were recorded on a Bruker D8 diffractometer over the 
20 interval 10-90° with a step size of 0.0147° over a period of 40 min. The resultant 
patterns were compared with the JCPDS database to identify the phases within the 
pattern. 
Samples for bromine insoluble analysis were ground and dried at 120°C for 1h in a 
oven. 1g of test sample was dispersed in water (30 ml) and bromine (5 ml) was 
added with constant stirring to dissolve the ultramarine. After a period of 30 min, the 
pH of the solution was adjusted to 6 using a 10% w/w sodium sulfite solution. The 
bromine insoluble impurities were filtered through a weighed grade-4 sintered glass 
crucible and washed with water (200 ml). The samples were then dried to constant 
weight. The filtrate was quantitatively transferred to a volumetric flask (500 ml) for 
ICP analysis. Standard solutions of aluminium and silicon were purchased from 
Aldrich for calibration of the instrument. 
81 
3.3.2 Results and Discussions 
3.3.2.1 X-ray Diffraction Analysis of Standard Samples 
X-ray diffraction analysis was carried out on the following five samples of 
ultramarine (listed below). The patterns show clearly that there is something other 
than pure ultramarine within each sample by comparing the JCPDS database pattern 
of ultramarine with these test samples. 
a) A120, Ultramarine Blue. Red shade standard from Hull, England prepared 
by additional of feldspar to the standard mixture. 
b) P-Green, Ultramarine Blue. Green shade standard from Lille, France 
prepared without additional feldspar. 
c) Ultramarine Blue test sample prepared by HPL in standard kiln from zeolite 
A (no feldspar added). 
d) Ultramarine Violet. Sample of A120 treated with ammonium chloride to 
alter the occluded species in the cage from Hull, England. 
e) Ultramarine Pink. Sample of A120 treated with dry hydrogen chlorine gas 
to alter the occluded species in the cage from Hull, England. 
3.3.2.1.1 X-ray Diffraction Analysis; 
A120 - Red, Ultramarine Blue. Standard HPL sample. 
The powder x-ray diffraction pattern of A120 is shown in figure 3.2 and the major 
reflections are in good agreement with the JCPDS pattern, which was used as a 
reference. The unidentified reflections are from impurities that can specifically be 
identified as feldspar and nepheline. The overall crystallinity of these impurity phases 
is relatively poor, so although the reflections have relatively weak intensity, the 
impurities may be quite substantial. Bromine insoluble analysis of A120 samples in 
fact suggest that typical impurities levels lay between 15-20% 
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P-Green, Ultramarine Blue. Standard HPL sample. 
The P-Green sample, figure 3.3, is generally more pure when compared to A120, as 
feldspar is not added to the reaction mixture to increase the Si: AI ratio as it is in the 
case of A 120. An impurity level of 3%, as determined by bromine insoluble analysis 
is typical. Again the major reflections correlate well with JCPDS reference for 
ultramarine and the weak reflections pertain to feldspar and nepheline. In both cases, 
the nepheline is generated from over oxidation of the bricks. This appears as a white 
crust on the outside of the bricks. The small amount of feldspar present in the P green 
sample is generated from the china clay starting material. Kaolinite is formed from 
the hydrothermal treatment of micas and feldspars, therefore it is not surprising that 
natural samples of china clay contain a mixture of kaolinite, feldspar and mica. Often 
there is a small amount of quartz present in the ultramarine products that also 
originates from the clay. Comparison of the bromine insoluble analysis of the P green 
and A120 samples shows the affect of adding feldspar to the reaction mixture. 
Although the shade is redder, the impurity levels have increased dramatically 
implying that the feldspar does not break down and take part in the reaction. 
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Figure 3.2 XRD pattern of -A120" - Red Shade Ultramarine Blue. 
Ultramarine Blue, Made from Zeolite 4A by HPL. 
Compared with the previous patterns this sample is by the far the most pure. The 
background is flat with the exception of two broad weak unknown reflections and the 
main ultramarine pattern has sharp well-defined reflections. Typically three 
reflections are required for a reasonable search/match and it has not been possible to 
assign the extraneous reflections to a phase. 
Ultramarine Purple, Standard HPL sample / Ultramarine Pink. Standard HPL 
sample. 
As expected since violet and pink ultramarine are generated from A120 ultramarine 
blue by mild chemical treatment, while the colour species is altered the other parts - 
cage and impurities remain the same. The only difference being that there was a 
change in ion caged within the aluminium silicate structure. Therefore the 
background of these samples was similar to that of A 120, with the exception of two 
new peaks that have been identified as quartz. 
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Figure 3.3 XRD pattern of "P-Green" - Green Shade Ultramarine Blue. 
Ultramarine Blue, made from zeolite 4A by HPL 
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Figure 3.4 XRD pattern of Zeolite 4A Experimental Ultramarine Blue 
Ultramarine Purple. Standard HPL sample 
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Figure 3.5 XRD pattern of Ultramarine Purple. 
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Ultramarine Pink. Standard HPL sample 
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Figure 3.6 XRD pattern of Ultramarine Pink. 
3.3.2.2 Bromine Insolubility and ICP-AES Analysis 
Bromine insolubility and chemical analysis on the various samples of ultramarine 
were carried out previously for Holliday Pigments Ltd. 29,3° In the first method, 
aluminium was extracted from the bromine soluble fraction by extraction with 
hydroxyquinoline to form an insoluble aluminium salt which was quantitatively 
determined by gravimetric analysis. The remaining silicon containing solution was 
then dehydrated and washed to leave amorphous silica that was analysed by drying to 
constant weight. In the second method, the bromine soluble fraction was analysed by 
ICP analysis for aluminium and silicon. This method gave very similar results for 
both A120 and P-green implying no difference in the framework for these two 
materials. While the first method gave a ratio that approximated to 1: 1, the ICP 
analyses alone gave a silicon-rich ratio for both samples. These methodologies 
assume that during bromine insoluble tests, only the zeolite fraction dissolves in the 
bromine water. This hypothesis was supported by tests on pure samples of quartz, 
nepheline and feldspar where it was shown that no significant dissolution took place, 
however it is possible that other soluble amorphous materials (unidentifiable by XRD) 
are present in the bulk ultramarine materials. 
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Further work was therefore needed to investigate the accuracy of the ICP method 
using a compound where the silicon: aluminium ratio was accurately known. The 
ultramarine blue prepared from zeolite A was chosen for this task as the parent 
material had an aluminium: silicon ratio of 1: 1. In contrast to the materials prepared 
industrially, the investigation of the bromine insolubles in the zeolite A sample 
prepared for this work showed very low levels of impurity (<1%) and hence it was 
assumed that the aluminium: ratio of the framework could be determined accurately 
using the ICP method. 
3.3.2.2.1 Aluminium/Silicon Ratio using ICP 
When this method was used previously on industrial samples, it was concluded that 
there was no difference between the Al/Si ratio of the red and green shades 30 
However, a question of the instrument accuracy was raised and further proof of its 
reliability for this type of analysis was needed. The average ratio of aluminium to 
silicon was well below 1.00, the actual value was closer to 0.75 (see table 3.1) for 
both samples. No comment was made at the time about this low result, but if this 
ratio is used to generate a formula for ultramarine it would give: - 
Na(5.15+Y)A15.1 SS 16.85 024 (S3) Y 
This does not compare well with the ideal formula or that determined by solid state 
NMR. In order to investigate the accuracy of the method, a set of standard solutions 
were analysed using the ICP method. Aluminium and silicon solutions at 
concentrations of 0,5,10,15 and 20 ppm were successfully used to generate 
calibration curves and analyse pure solutions containing only one of the ions. 
However, when the aluminium and silicon solutions were mixed together in known 
ratios the results deviated significantly from the expected concentrations (see table 
3.2). 
This is not a positive result and does not increase confidence in the accuracy of the 
ICP analysis. Repeat analyses were carried out to rule out human or random error but 
there was no change in the results. Advice was therefore taken from the analytical 
laboratories of Alcan Int where ICP analysis is used as a standard procedure for 
determining Al: Si ratios in bauxite solutions. According to their standard methods, 
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variations in samples miscibility and viscosity can change the background level and 
distort the true results. It is possible to account for the changing background by fitting 
the background with the appropriate software, however, the current ICP instrument at 
Loughborough University does not have this capability. 
Batch Shade Average AI/Si Batch Shade Average AI/Si 
BR020 red 0.7153 BVE12 green 0.7638 
C120 red 0.7161 CVE12 green 0.7846 
No. 12 red 0.7208 DVE12 green 0.7951 
CR020 red 0.7213 PVE12 green 0.7959 
PR020 red 
---------- - 
0.7689 
------------------------------------------------------------------------ --------------- --- 
Average red 
----------------------------- 
0.7285 Average green 0.7848 
------------------------------------------------------------------------ 
Overall Average 0.7566 
Table 3.1 Previous ICP AVSi ratio results 
Standards Samples 
PPM Si cone. 
Al cone. Type of sample 
Si conc. Al cone. 
(ppm) (ppm) (ppm) (ppm) 
0 0.002 -0.006 2.5ppm Si: A1 mix 5.308 2.462 
5 4.919 5.121 5ppm Si: AI mix 10.755 7.840 
10 10.021 10.292 7.5ppm Si: A1 mix 16.627 12.999 
15 15.595 14.660 10ppm Si: A1 mix 22.655 17.735 
20 19.435 19.597 Zeolite 4A UMB 13.812 15.053 
------------------------------------------------------------------------------------------------------------ 
Correlation 0.9986 0.9951 
Table 3.2 ICP standards and sample AUSi ratio results 
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3.3.3 Conclusions 
The ICP method used to determine Al: Si ratios in the aluminium industry is not easily 
adapted to the investigation of Al: Si ratios in ultramarine blue. This is largely 
because the software required to model changes in background caused by differences 
in viscosity of the test solutions is not readily available. 
However, the production of ultramarine from zeolite A did lead to some positive 
results. For the first time a green-shade blue was produced with comparable colour 
intensity to that of the finest grade red-shade blue. This sample suggests that a 
silicon-rich mixture is not essential to produce high colour intensity in the final 
product and that use of a zeolite starting material instead of clay can produce a much 
more pure product (i. e. 1% impure against 15% for a commercial sample). It was 
envisaged that slight variation of the zeolite A starting material, in terms of 
composition, could allow the real reasoning behind the varying green/red shades of 
blue to be established. 
3.4 Pre-reaction Cationic Exchange of Zeolite 4A with 
Experimental Formulations 
3.4.1 Brief Introduction 
The following experimental work was carried at the HPL Hull site, as a test kiln was 
still under construction at Loughborough. This was to serve as a dual purpose 
exercise, one; in order to gain experience with their test furnaces and two; to look 
further in to the uses of pure zeolite 4A and kaolin as starting materials in the 
production of pure ultramarine samples. There was also an opportunity to expand this 
work by using slight variations of the standard formulation used by HPL on site. 
The reason behind using zeolite A in the formation of ultramarine blue is, at the 
moment, one of experimental interest only. Traditionally china clay is used as the 
source of aluminium and silicon, which forms the sodalite framework that 
encapsulates the coloured polysulfide ion. The composition of each batch of china 
clay varies in composition with different amounts of kaolinite, mica, quartz and 
feldspar. This means that the amount of impurities in the ultramarine product is 
variable and the effect of the individual components in each batch of industrial 
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ultramarine is unknown. To eliminate this variation in the main starting material, 
zeolite A and pure kaolinite, with well-defined compositions, have been used in place 
of the china clay to truly investigate the effect of the additives on colour. 
During the standard production of ultramarine blue; china clay is mixed with sulfur, 
pitch, oil, feldspar and sodium carbonate, this is heated and mixed to densify the 
mixture and then pressed into blocks. The blocks undergo a twenty-eight day firing 
cycle to produce ultramarine blue. In the smaller test kiln, small pressed pellets are 
heated in sealed ceramic pots over a much shorter time period. 
3.4.2 Experimental 
A series of furnace experiments were carried out using four different aluminosilicate 
starting materials and different additives to see how the use of different starting 
materials and the presence of different cations affected the colour and purity of the 
product. The four aluminosilicate sources were pure kaolin (Aldrich), zeolite 4A 
(Aldrich) and lithium and potassium zeolite A samples that were prepared by ion 
exchange of the commercial zeolite 4A material. 
3.4.2.1 Preparation of Cation Exchanged Zeolites 
3.4.2.1.1 Method 
Sodium zeolite portions (180g) were placed in large beakers (500m1) containing either 
lithium or potassium chloride solution (2M, 300m1). The solutions were then heated 
(80°C) for 1 hour and allowed to cool. Once the solutions were cool, the zeolite was 
filtered and washed with deionised water. The zeolites were then heated in a furnace 
(500°C) to remove any excess water, for a period of 24 h. 
3.4.2.2 Preparation of the Experimental Samples 
Three different experimental procedures were carried out on each of the 
aluminosilicate sources, using various amounts of sodium carbonate, sulfur, feldspar, 
sodium sulfide, pitch and oil: 
Experiment 1: Aluminosilicate, Na2S, S 
Experiment 2: Aluminosilicate, Na2CO3, S, pitch/oil 
Experiment 3: Aluminosilicate, Na2CO3, S, pitch/oil, feldspar 
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3.4.2.2.1 Method 
The quantities of each of the different starting materials that were ground together to 
make the experimental samples are summarised below in table 3.3. 
Starting Materials Experiment 1 Experiment 2 Experiment 3 
Aluminosilicate Source 44.28g 44.28g 44.28g 
Sulfur 16.66g 16.66g 16.66g 
Sodium carbonate 4.05g 5.51g 5.51g 
Pitch - 0.29g 0.29g 
Oil - 0.09g 0.09g 
Feldspar 2.63g 
Table 3.3 Experimental Quantities for Furnace Experiments. 
The starting materials were weighed out and mixed roughly together, then thoroughly 
ground, until homogeneous, in an automated z-blade mixer. The experimental 
mixtures (see table 3.3) were then placed in a glass jar and heated (110°C) in an oil 
bath for approximately 45 min. For each formulation, two labelled pellets (20g) were 
made using the die and 25 tonnes of pressure (for diagram see Chapter 2- 
Experimental). 
The pellets were placed into the inner ceramic pot and the lid was secured with 
cement. The mullite tube was then inserted through the hole in the lid of the inner pot 
and secured with elastic bands. The pot was then packed into the outer ceramic pot 
with standard UMB mix around it and the outer lid cemented on taking care not to 
snap the mullite tube which was also inserted straight through the outer lid. 
The reaction pot was then placed into the furnace, again taking care so that the mullite 
tube was sticking clearly out of the top of the slot in the furnace lid (see figure 3.7). 
A standard heating cycle was used to mimic the industrial process where the samples 
were heated to 750°C over a period of 16 h and then slow cooled to 450°C to perform 
the oxidation step where sulfur dioxide gas was allowed to flow over the sample for 6 
h using a flow rate of 4 ml/min. 
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Figure 3.7 Test Furnace and Pellet Set-up 
Once the pots were cooled the pellets were removed. The pellets were separated and 
ground down using the pestle and mortar ready for further treatment and analysis. 
3.4.2.2.2 Washing and Post Reaction Treatment of the Samples 
The freshly ground samples varied in colour and sulfurous odour. In order to 
investigate the effect of potassium and sodium cations on the colour of the product, 
different alkali metal hydroxides were used to wash the samples of the products and 
samples were also washed with deionised water as a control. Characterisation of the 
washed samples was carried out using powder XRD analysis and colour analysis. 
The freshly ground powders were divided into 2g samples so that the effect of 
different washing treatments could be investigated. Different samples of each 
composition were washed in water, 0.5 M potassium hydroxide or 0.5 M sodium 
hydroxide for a period of time (30 min) with constant stirring, then filtered and dried 
(I 00-C). 
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There were some visible differences in the colour of the samples after washing with 
the different solutions suggesting that the either ion exchange could be occurring or 
that there was a difference in the ability of the solutions to wash out the impurities. 
Bromine insoluble analysis showed that there was little difference in the impurity 
levels of the samples washed in the difference solutions implying that the colour 
change was most likely due to ion exchange of the products. 
3.4.3 Results and Discussion 
The following results and discussion section has been split by focusing on the 
aluminosilicate sources used rather than the different individual experiments. 
3.4.3.1 Ultramarine Synthesis with Kaolin 
The kaolin samples produced from the three experiments were washed in deionised 
water, sodium or potassium hydroxide then analysed using X-ray diffraction and their 
colour analysed. The XRD patterns and colour measurements for these samples are 
given below (see figure 3.8 to figure 3.11) 
Note: Each figure shows the PXRD patterns, from top to bottom, of the specified 
experiment; unwashed, washed with sodium hydroxide and washed with potassium 
hydroxide. 
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Figure 3.9 UMB made from kaolin, expt. 2 
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Figure 3.11. `L', `a' and `b' values for kaolin UMB samples 
In addition to the colour and XRD analysis, Rietveld refinement was carried out on 
the alkali washed kaolin samples. The results, table 3.4, show the relationship 
between the cell sizes with the addition of potassium and the refinement fit for the 
three experiments. 
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Kaolin Experiment 1 Experiment 2 Experiment 3 
Refinement fit KOH NaOH KOH NaOH KOH NaOH 
wash wash wash wash wash wash 
WRp 0.0844 0.0914 0.0995 0.1018 0.115 0.1141 
xZ 8.163 9.04 11.51 12.24 15.13 15.29 
Cell Size a (A) 9.096(2) 9.096(2) 9.107(3) 9.108(3) 9.115(3) 9.111(3) 
Table 3.4 Rietveld Refinement Results for UMB `kaolin' Experiments 
The XRD patterns show that the feldspar added to the starting mixture remains un- 
reacted during the process and appears as the main impurities in the products. The 
refinements show very minor differences in the cell parameters for the samples 
washed in KOH compared to the samples washed in NaOH. If substantial exchange 
of the larger potassium ions for the smaller sodium ions within the sodalite cage had 
taken place during the washing then a notable difference in cell parameter should be 
apparent. This implies that there is limited exchange, however all the experiments 
show more red shade blue samples after washing with KOH compared to those 
washed with NaOH, implying that the potassium wash does have an effect on the 
colour of the samples and therefore there must be a small degree of ion exchange. 
The quality of the refinement fit was reduced from experiment 1 though 2 and finally 
worst for experiment 3 as additional starting materials were used, mainly due to the 
unreacted feldspar. 
3.4.3.2 Zeolite-A UMB experiments 
The standard un-exchanged zeolite A used in these experiments contains sodium 
cations only. The samples produced from the kiln experiments were washed with 
water, potassium or sodium hydroxide and the XRD patterns and colour 
measurements were recorded (see figure 3.12 to figure 3.15). 
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Figure 3.12 Samples made from Zeolite A, expt. 1 
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Figure 3.13 Samples made from Zeolite A, expt. 2 
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Figure 3.14 Samples made from Zeolite A, expt. 3 
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Figure 3.15 `L', `a' and `b' values for Zeolite-A experimental samples 
The XRD patterns show zeolite A based reactions have not successfully formed 
ultramarine blue and the parent zeolite A structure has been maintained. The colour 
of these samples changed/faded when washed in water. Colour analysis shows that 
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washing with NaOH produces a more blue sample, in contrast, washing with KOH 
produce a compound that is more yellow in colour. 
The structure of Zeolite A is shown in figure 3.16. The structure consists sodalite 
cages linked by double four rings to form a larger cage. Zeolite A green has 
previously been prepared by Gobeltz and co-workers 31 Booth26 further characterised 
this material and found that while the sodalite cages contained S3- anions, the central 
cage was populated with some S6 rings. Due to the hygroscopicity of zeolite A 
materials (used as drying agents and molecular sieves), Zeolite green was found to 
hydrolyse easily and lose sulfur on standing. Washing these materials in water 
therefore is likely to have an accelerated effect and remove some of the sulfide anions 
rapidly. 
At temperatures above 650°C, Zeolite A green has been shown to collapse and form 
ultramarine blue. This suggests that during this reaction the pellets did not reach a 
high enough reaction temperature to cause cage collapse, despite using the same 
programme throughout these experiments. A Le Bail fit was performed on the XRD 
patterns of the Zeolite A products to obtain cell parameters as seen in table 3.5. 
99 
Figure 3.16 The structure of Zeolite A 
Experiment Washed a (A) 
Water 12.281(1) 
1 KOH 12.3041(8) 
------------------------ ___NaOH --- ------- 
12.288(1) 
----- ------ - Water 12.2711(7) 
2 KOH 12.3094(6) 
NaOH 12.2858(6) 
Water 12.270(3) 
3 KOH 12.304(1) 
NaOH 12.2926(8) 
Table 3.5 Zeolite A experiment cell parameters 
A slight increase in cell size can be seen after the samples were washed in KOH 
compared to NaOH. A slightly smaller change was seen for the NaOH washings 
compared to the samples washed in water. The inclusion of the larger potassium ion 
after exchange with the sodium ion could be responsible for this change in the cell 
size as the smaller sodium cations are replaced by potassium cations, however the 
effect is minimal. The colour of the product formed during these experiments was 
very different from the pure ultramarine blue formed previously by HPL in the same 
furnaces. This implies a non-reproducible set of experimental conditions in the HPL 
test kiln. 
3.4.3.3 Lithium-exchanged Zeolite-A UMB experiments 
As with the previous experiments, the samples produced were washed with water, 
potassium or sodium hydroxide and the XRD patterns and colour measurements were 
recorded (see figure 3.17 to figure 3.21). 
The XRD patterns show all nine of the available samples after the three types of 
washings for each of the three experiments. The standard ultramarine peaks are 
visible along with some very prominent nepheline peaks and a third Li2SiO3 phase. 
The blue colour of the samples will be some what diluted by the presence of the 
nepheline, which is a white powder. The formation of nepheline is common during 
any standard UMB reaction and is caused by over oxidation of the ultramarine. A 
small amount is normally formed on the surface of the bricks even in the industrial 
production but is minimal when compared to the inner mass of ultramarine formed in 
the giant reaction stacks. Due to the small size of the pellets used in these furnace 
experiments and their more sensitive nature, any slight problem with the oxidation 
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step can lead to problems with a greater gas flow through the material and hence be 
over oxidised more easily. However, over oxidation appeared to be a reoccurring 
problem in the lithium samples. which implies that there are problems specific to 
these materials. The over oxidation maybe due to the fact that the lithium starting 
materials were the most difficult to densify and press into bricks. If the material was 
poorly densified it would allow both gas and sulfur to move more easily through the 
brick. 
From Figure 3.20 it is apparent that experiment-3 produces the most blue and the 
most red shade pigment, experiment-2 produces the next best blue-red shade and 
experiment-I the worst. Although the XRD patterns show many peaks close together 
due to the different phases present, it is still possible to see that the increase in blue 
intensity coincides with the increased formation of ultramarine blue. The ultramarine 
blue peaks from experiment-3 are far more predominant when compared to the other 
two experiments. Washing of these samples seems to have very little effect on the 
colour of the product for these samples. 
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Figure 3.17 Samples made from Li+-exchanged zeolite A, expt. 1 
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Figure 3.18 Samples made from Li+-exchanged zeolite A, expt. 2 
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Figure 3.19 Samples made from Li+-exchanged zeolite A, expt. 3 
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Figure 3.21 Hue values at different particle sizes for washed Li+ exchanged Zeolite A 
103 
3.4.3.4 Potassium-exchanged Zeolite-A UMB experiments 
The XRD patterns for the washed potassium ion exchanged zeolite-A experiments 1-3 
can be seen in figure 3.22 to figure 3.24. The colour analysis for the washed products 
seen in figure 3.25 and figure 3.26. 
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Figure 3.22 Samples made from IC+-exchanged zeolite A, expt. 1 
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Figure 3.23 Samples made from K'-exchanged zeolite A, expt. 2 
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Figure 3.24 Samples made from K'-exchanged zeolite A, expt. 3 
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Figure 3.26 Hue values at different particle sizes for washed K+ exchanged Zeolite A 
The XRD patterns show the main product to be a zeolite A based compound, with 
very small amounts of ultramarine present. Two possible causes can be suggested for 
this problem. It is possible that the reaction has not gone to completion due to some 
problems with the standard reaction procedure itself e. g. the furnace did not attain the 
expected temperature. Secondly, it could be possible that a high level of sodium is 
required to actually form the sodalite structure by collapse of the zeolite, therefore 
both lithium and potassium ion exchanged materials may never form a pure sodalite 
phase. The samples were all green in colour, with very little sign of the normally 
intense ultramarine blue colour. Table 3.6 shows the cell parameters of the washed 
zeolite A green product. 
Experiment Washed a (A) 
Water 12.3240(9) 
1 KOH 12.3241(9) 
NaOH 12.309(1) 
Water 12.329(1) 
2 KOH 12.327(1) 
NaOH 12.3051(6) 
Water 12.324(3) 
3 KOH 12.321(2) 
NaOH 12.305(1) 
Table 3.6 K- exchanged Zeolite A Cell Parameters 
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The colour analysis measurements show that the samples washed in KOH were bluer 
than the samples washed in NaOH, which were more yellow in colour. Most of the 
samples had similar red intensities apart from the sodium hydroxide washed 
experiment three. Statistically there seems to be very little difference in the lattice 
parameters of the samples washed in the different solutions. 
3.4.4 Conclusion 
The non-blue samples produced were found to be zeolite-A based compounds. 
Yellow polysulfide rings in the larger cages and blue polysulfide species in the small 
cages combine to give a green colour. The overall colour of the samples was slightly 
affected by the different additives used for the three experiments. 
It is very difficult to make too many conclusions from the series of samples produced, 
due to the problems with the test furnace and the fact that it was not possible to repeat 
them. A separate experiment using the test kiln by N. Grazier had previously 
produced very clean samples of ultramarine from zeolite A. This experiment used the 
same starting materials as those used with the standard sodium zeolite A in 
experiment 1. The two samples were very different in colour and structure, zeolite A 
green versus ultramarine blue. This casts considerable doubt over the reproducibility 
of the test kiln and suggests that the appropriate temperature was not reached to 
facilitate reaction. The possible reason behind the variable results has been linked 
with a blockage in the reaction chamber inlet tube with solid sulfur, the furnace 
cutting out before reaching temperature and the flow of sulfur dioxide source during 
all the test experiments. Work is currently underway on an improved furnace at 
Loughborough to ensure reproducible experiments by modification of the gas 
inlet/outlets, porosity of the pellets and the heating cycle. 
3.5 Post-reaction Cationic Exchange of Zeolite 4A UMB 
3.5.1 Aim 
Ion exchange on ultramarine materials is a relatively well-accepted way to change the 
colour. For example, silver exchange produces a dark green material. 32 However, 
there has been some question as to whether the change in colour was due to alteration 
107 
of the impurities rather than changing the chromophore itself. Since, the zeolite A 
sample prepared in the industrial kiln was extremely pure (<1% by bromine insoluble 
analysis), ion exchange of this material should be able to clarify this issue. Various 
cations were used to investigate their affect on the colour of pure zeolite A as 
investigated by colour measurements. 
3.5.2 Experimental 
Samples of the ultramarine (lg) where placed in 5M solutions of LiCl, NaCl, KCI, 
CaC12 and 2M solutions of AgNO3 and RbCI (due to the lower solubility of silver and 
rubidium salts). An ammonia hydroxide (10M) solution was used to dissolve the 
AgNO3. 
Each sample was left to stir for 3h in the solutions at around 70-80°C. The samples 
were then filtered under vacuum and washed with a small amount of de-ionised water 
then dried at 100°C. 
3.5.3 Colour analysis 
Visual comparison of the samples before and after ion exchange showed no major 
changes except for the sample exchanged in silver nitrate solution which turned dark 
green. The samples did appear to be more pale in colour after prolonged exposure to 
the salt solutions which may imply that these solutions are causing damage to the 
pigment. 
3.5.3.1 Ag ion exchange for Na in UMB made from zeolite 4A. 
The XRD pattern of the UMB sample after the silver ion exchange was compared 
with the standard sample. There were a few subtle differences between the two 
patterns, the peak intensities and positions shifted slightly. Although silver (1.42A) 
has a similar ionic radius to sodium (1.32A), it has a much larger atomic number and 
hence will scatter X-rays more strongly, leading to a change in the intensity of some 
of the reflections. The change in the colour of the ultramarine is striking and very 
different to the shade change produced when small amounts of sodium are exchanged 
for potassium. The arguments made for the differences in colour between green and 
red shade blue concentrate on a change in bond angle when the much larger potassium 
cation replaces sodium. 
6 This changes the molecular orbital overlap in the S3 group 
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and causes a shift in the absorption band. In contrast, as silver and sodium have very 
similar ionic radii, this major colour change may be related to a charge transfer 
process between silver and sulfur or interaction between the silver ions. 2 In addition, 
as the silver salt is dissolved in an ammonia-rich solution, it could be possible that 
ammonium cations could be undergoing ion exchange themselves. However, 
ammonium cations are large and are similar in size to caesium cations and it has been 
shown that the exchange of caesium for sodium is negligible in a similar sodalite 
system 33 
3.5.4 Conclusion 
The results show that only the silver exchange reaction has had any major influence 
on the colour of ultramarine. Post synthesis ion exchange has been carried out 
previously by Holliday Pigments with varying results due to the use of industrial 
materials with various colours and impurity levels. More work is required on pure 
ultramarine materials prepared from compounds with accurately known Si: AI ratios 
and impurities to ascertain the validity of post synthesis ion exchange. 
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Chapter 4 
Copper Borates 
4 Copper Borates, CuXByOZ 
4.1 Introduction 
4.1.1 Background 
The search for new inorganic pigments typically centres on complex metal oxides due 
to their inherent stability and ease of synthesis. However, some chalcogenides, such 
as cadmium selenosulfide (yellow/red) and mercury selenide (green) have long 
standing use as pigments, due to their strong bright colours that originate from charge 
transfer transitions. Use of these materials is gradually being phased out on 
environmental grounds due to their heavy metal content. Suitable replacements for 
these brightly coloured heavy metal chalcogenides are in high demand and much 
work is being carried out to produce replacement green and red pigments. Recently, 
this research has led to the development of other metal sulfides, with similar charge 
transfer bands, for pigment applications e. g. cerium sulfide. Unfortunately, these 
materials are often not air stable and require coating with silica or a polymer resin to 
shield the material from aerial degradation. 
Anticorrosion pigments and glazes have utilised the chemical and thermal stability of 
borate materials for a long time. These materials are based on sodium borosilicates 
and are particularly stable due to their very low thermal expansion coefficients. The 
chemical and physical properties of borates suggest that they would make good 
pigments, if coloured materials could be produced. Many coloured transition metal 
borates, with different structures, have been produced from a mixture of boron oxide 
and the appropriate metal oxide. The purpose of the work covered in this chapter is to 
investigate different ways of making the transition metal borates, particularly those 
with green hues, to determine if they have potential applications as inorganic 
pigments. 
4.1.2 Boron Chemistry I 
Boron is the only non metal in group III of the periodic table and shows many 
similarities to its neighbour carbon and its diagonal relative silicon. Like silicon and 
carbon its shows a marked favour for the formation of covalent molecular 
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compounds. This close relationship to the chemistry of carbon gave boron its name, 
as Davy named it by combination of the source of the element (borax) and its 
chemical similarity to carbon. Boron is however relatively un-abundant in 
comparison to carbon and silicon, and has an occurrence rather similar to some of the 
rare earths. Commercially valuable deposits are rare, although there are substantial 
deposits in Turkey and California. In nature, boron occurs exclusively as oxy- 
compounds and its structural complexity and diversity is only surpassed by that of the 
silicate minerals. 
4.1.3 Boron Oxide 
Solid state chemistry normally involves the use of the component metal/non-metal 
oxides of the reactants. Unfortunately boron oxide is a notoriously difficult 
compound to crystallise and was only known in the vitreous state until 1937. 
Formation of the crystalline form can be achieved by slow dehydration of boric acid, 
B(OH)3. The normal crystalline form consists of a 3D network of trigonal B03 
groups. Application of pressure to boron oxide results in a dense form that is 
comprised of irregular B04 tetrahedra. Reaction of boron oxide with metal oxides 
forms a variety of compounds that have many industrial applications. For example, 
borate glasses (e. g. Pyrex) are extensively used in the ceramic industry due a small 
coefficient of heat expansion. The inertness of boron glazes is also exploited in the 
pigment industry where the chemical inactivity, hardness and air stability of the glaze 
can stabilise air-sensitive materials. In contrast, boron oxide is easily hydrolysed in 
moist air and reforms boric acid. 
4.1.4 Borates 
The phase relations, stoichiometry and structural chemistry of the metal borates have 
been extensively studied due to their geochemical and technological importance. 
Many different borates exist containing the B03 and B04 subunits linked in various 
ways to form mononuclear, binuclear tri- tetra- and penta-nuclear ions. In addition, 
there are many polydimensional networks and glasses. Polynuclear borate anions are 
formed by vertex-sharing only, although the links can occur simultaneously at 
different numbers of vertices to form chains (B205)4- and ring structures (B306)3". 
Hydration of borates and oxyborates proceeds in a sequential manner, where free 
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oxide anions are protonated first followed by the oxide anions on the tetrahedral 
groups and finally the oxides anions of the trigonal planar species. 
One of the simplest, yet rarest, borate structures is the orthoborate which contains 
monomeric triangular B03 units. CaSn(B03)2, FeBO3 and the rare earth borates such 
as NdBO3 are all examples of orthoborates. These borates are considered the 
simplest of the borate family, although they do tend to crystallise as three different 
polymorphic forms that are akin to the calcium carbonate polymorphs (calcite, 
aragonite and vaterite). FeBO3 crystallises in the space group R-3c with the calcite 
structure, LaBO3 crystallises in the space group Pmcm with the aragonite structure 
and SmBO3 crystallises in the space group P63mmc with the vaterite structure. 
Monomeric B04 units are found in the zircon materials such as TaBO4. 
Hydroxyhalides such as Cu[B(OH)4]Cl contain the related B(OH)4 unit 
Although the structural diversity of the borates means many other structures exist, the 
most common are the pyroborates and metaborates, with their most common use 
being as sodium borosilicate glass. Pyroborates form by the vertex-linking of two 
trigonal planar units with the formula M2(B205), M= Mg, Co and Fe. Metaborates 
have the nominal formula MBO2 but are actually tricyclic structures of the formula 
M3B306. 
Q 
ý =B 
" =H 
[B2(02)2(OH)4]2- 
Figure 4.1 Diagram showing the anionic structure of NaBO3.4H20. 
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Very simple borate formulae can often misrepresent the quite complex structures of 
the borate family. For example, sodium perborate has the nominal formula 
NaBO3.4H20 but the true anionic structure, which is shown in figure 4.1, is best 
described by the chemical formula Na2B2(02)2(OH)4. 
4.1.5 Transition Metal Borates3-7 
Transition metal borates are relatively common, and many structures have been 
reported containing boron in trigonal planar or tetrahedral coordination to four 
oxygens as either oxide or hydroxide moieties. The complexities of the structures 
appear to increase as the transition series is traversed. The early elements (Sc -Fe) 
form the various polymorphs of the calcite structure with the formula MBO3 (M=Ti, 
V, Cr and Fe). Iron and chromium additionally form structures with the formulae 
M3(B04)02 and MM(B03)02 containing trivalent and mixed valence cations 
respectively. Copper, nickel and zinc also form compounds with the formula 
M3B206, although the structure and connectivity varies depending on the transition 
metal cation. 
Copper borates are of particular interest in this study due to their vivid green colours. 
The simplest compound is copper (II) metaborate that has the formula CuB2O4. The 
copper based material with the nominal formula M3B206, can be more accurately 
described by the formula Culs(B205)s(BO3)602 which contains both diborate and 
trigonal planar borate anions in the asymmetric unit. Other borate structures 
containing copper and aluminium such as Cu2AlBO5 and Cu2A16B4O17 extend the 
colour range of the cuprate materials to bright green. Most transition metal borates 
have been prepared as single crystals from a boron oxide flux. Unfortunately, 
preparation of bulk materials has been more challenging due to the glassy and 
hydroscopic nature of boron oxide. This study aimed to prepare large quantities of 
the copper borates for colour and stability testing by using different starting materials 
and varying the ratios of copper to boron in the starting composition. 
4.2 Experimental 
Copper oxide and a boron source (in the form of boric acid and boron oxide) were 
used as starting materials for these experiments. Holliday Pigments considered the 
use of boric acid as a starting material extremely advantageous, due to the low cost of 
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boric acid. However, it quickly became apparent that the use of boric acid was 
problematical. The decomposition of boric acid to boron oxide occurs by dehydration 
at 120°C. If dehydration occurs too rapidly, a glassy layer of boron oxide forms 
around the particles of metal oxide and incomplete reaction occurs as the reacting 
metal particles are insulated from each other. Since very slow dehydration seemed 
economically unfeasible, the experiments continued with boron oxide alone. 
Copper oxide, CuO, (Aldrich) and boron oxide B203. xH20 (Aldrich) in the correct 
molar proportions were homogeneously ground in an agate pestle and mortar. Before 
accurate weighing could be carried out, the boron oxide had to be thoroughly dried in 
a furnace overnight in an open crucible to drive off the water. The general 
formulation equation for the samples is shown below: 
900o 
XCUO(s) + O. 5gB203(s) -4 --> -4 
CUxBgO[(2x+3q)/2](s) 
regrinding 
Equation 4.1 
Different heating profiles were used to determine the best method. First a step-wise 
heating profile was used. Samples were treated in a preheated box furnace at 200°C 
for 1. They were then heated progressively from 200°C to 800°C over a period of 2h 
where it remained for a further 6 h. However this method did not allow complete 
reaction to take place. The samples remained a similar colour to that of the starting 
materials, which were dominated by the black/grey copper oxide. The samples were 
therefore heated to 900°C and remained at that temperature overnight, approximately 
14 h. The resultant samples were coloured and it was also found that any initial 
heating steps were not required prior to the 900°C overnight reaction. The final 
heating schedule is shown in table 4.1 and the ratio of the starting materials is shown 
in table 4.2. 
4.2.1 Final Heating Procedure Used: 
First Heat Second Heat Final Heat 
900°C for 12 hours 900°C for 12 hours 900°C for 36 hours 
Regrind samples Regrind samples Regrind samples 
Table 4.1 Final heating procedure used for all of the copper borate series 
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CuO B203 CUO B203 CUO B203 CUO B203 
1 
1 
0.6 
0.7 
1 
1 
1.0 
1.1 
1 
1 
1.4 
1.5 
1 
1 
3.3 
5.0 
1 0.8 1 1.2 1 2.0 110 
1 0.9 1 1.3 1 2.5 1 20 
Table 4.2 Copper and Boron Oxide Ratios 
4.2.2 Samples 
3g of each sample were prepared for colour analysis. At very high boron 
concentrations, the samples became very hard and glassy and it was not possible to 
extract the material for colour analysis 
Even without the computerised colour analysis, a visible change of colour can be 
observed throughout the sample range from dark green (1CuO: 0.6B203) to light blue 
(1CuO to 3.3B203). 
When removing the samples from the furnace and during grinding, there is a notable 
difference between the surface colour and the bulk of the sample. The surfaces tend 
to be more blue in colour. This may be due to a higher concentration of boron oxide 
on the surface as it is a lighter element, which would diffuse more quickly to the 
surface. 
4.3 Result and Discussion 
4.3.1 X-ray Diffraction Analysis 
Powder X-ray diffraction data were collected at 20 values from 20° to 80° over a 
period of 20 min to assess the purity of the products and to monitor the reaction. It 
should be noted that this it was only possible to use the profiles for the identification 
of copper-containing phases (copper borates and copper oxide). Any non-reacted 
boron oxide would not be seen in a pattern as it only scatters X-rays very weakly, due 
to the low atomic numbers both of boron and oxygen. The presence of copper oxide 
could be quickly detected by the appearance of two strong reflections in the 
diffraction pattern at 35.70° and 38.82°. The latter reflection stands out clearly from 
all the copper borate phases, as there are no corresponding reflections at 38.82° for 
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either of the two copper borate phases. Figure 4.2 shows an example of this: This 
figure shows two patterns of the sample with the same copper borate formulation, 
heated at two different reaction temperatures. 
Main reflections that correspond with 
the presence of a CuB204 phase 
Main reflections that 
correspond with the 
presence of a Cu3B2O6 
phase CuO reflections 
y- 'I not visible 
1ýI 
Sample Pattern after 900C 
Sample Pattern after 800C + CuO reflections visible 
rýi. 1Ufr. ;. i 
2-theta 
Figure 4.2 The Effect of different Sintering Times for a CuO: B203 ratio of 1: 2 
Two different copper borate phases were identified and can be described as either 
copper or boron rich, Cu3BZO6 or CuB2O4 respectively. The PXRD patterns of the 
samples that are at either end of the copper to boron ratio series show these two 
patterns are clearly different. Unfortunately there is some copper oxide present in the 
copper-rich sample and a very small amount of the copper-rich phase in the boron- 
rich sample. The patterns for the entire series produced are shown below (see figure 
4.3). A gradual change in the concentration, from one phase to another, can be seen. 
When the starting materials were copper-rich then the Cu3B2O6 phase was formed 
predominately, similarly the CuB2O4 phase was formed from the boron-rich starting 
materials. 
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Figure 4.3 All Copper Borate Sample Patterns 
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In the middle of the series there is a clear mix of the two phases (see figure 4.4). 
From these experiments it can be concluded that there are only two possible phases 
within the CuO-B203 phase diagram. The ratio of boron to copper controls the 
mixture of the two phases produced, either in the copper-rich phase (Cu3BZO6), which 
has a dark green colour or in the boron-rich phase (CuB2O4), which is blue in colour. 
4.3.2 Colour Analysis 
The following samples were sent to HPL for colour analysis testing; copper to boron 
ratios, 1: 0.6 to 1: 1.5,1: 2,1: 2.5 and 1: 3.3. Due to time restraints and sample 
quantities not all of the samples were analysed as fully as each other. 
4.3.2.1 Method 
The method used is described in experimental chapter 2. 
Unfortunately it was not possible to measure the particle size of these samples, so no 
comparison can be made between colour and particle size. Therefore to standardise 
the colour measurements, colour against grinding time was plotted. The grinding 
times used on each sample were 15,30,45,60,75 and 90 seconds. 
Most of the samples were used to make plaques and colour analysis was performed on 
a selection of them. This was limited due to the time available at HPL. 
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Figure 4.4 PXRD pattern of sample with copper to boron Ratio 1: 1.3 
4.3.2.2 Colour Plaques 
The colour measurements were carried out by Neil Grazier (HPL Ltd) and presented 
in the standard colour-matching format (i. e. with a standard green pigment). The 
colour-plaques that were produced were scanned into the computer (an example of 
this can be seen in figure 4.5). From the scanned images figure 4.6 was produced by 
copying and pasting a rectangle of each plaque, allowing the full range of plaques 
produced to be shown. 
M100 Chronm 
Oxide 
5 10.6 
4B 10.7 
4 1: 0.8 
A 1: 0.9 
B 1: 1.0 
C 1: 1.1 
p 1: 1.2 
E 1: 1.3 
F 1: 1.4 
3 1: 1.5 
M 1: 2.0 
G 1: 2.5 
H 1: 3.3 
I- illustrations 
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Figure 4.5 Example of Plaques produced (60 second grind time). 
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Grinding Time (seconds) 
15 30 45 60 75 90 
Cln-ome 
Oxide 
1: 0.6 
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1: 2.5 
1: 3.3 
Figure 4.6 Scanned plaques for all copper: boron ratios for various grind times 
4.3.2.3 Colour Analysis Data 
k 
The colour analysis data shown in table 4.3 were taken from the plaques shown in 
figure 4.6. Additionally, HPL provided colour analysis of a current commercial green 
pigment; Harcross Chrome Oxide M100, an inorganic, industrial favourite (see table 
4.4). Due to its extreme hardness, the chrome green has not been ground but is 
included in both figure 4.5 and figure 4.6 to allow the colour of the plaques to be 
compared with an industrial standard. 
a 
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Ratio Grinding Time (seconds) 
Cu: B 
1: x 15 30 45 60 75 90 
L* 78.881 76.563 74.635 
0.6 C* N/A 11.049 N/A 10.165 N/A 8.807 
h° 134.077 135.209 136.480 
L* 81.793 80.770 79.234 78.286 76.926 
0.7 C* 13.968 14.329 13.604 12.302 11.101 N/A 
h° 131.900 131.911 131.086 131.795 131.009 
L* 80.918 81.635 81.029 81.340 81.667 
0.8 C* N/A 15.832 17.284 18.297 18.248 18.100 
h° 130.053 131.540 128.925 129.875 130.013 
L* 82.518 82.157 81.758 81.917 82.002 80.907 
0.9 C* 13.623 15.387 16.245 16.142 16.037 15.768 
h° 133.233 132.280 130.596 130.223 130.287 128.044 
L* 82.154 81.651 82.685 81.855 81.164 78.668 
1.0 C* 12.581 13.331 14.466 14.468 16.686 13.225 
h° 133.968 131.474 133.818 128.250 129.613 122.545 
L* 82.416 82.500 82.600 82.544 82.372 81.944 
1.1 C* 12.520 14.172 14.756 15.468 15.255 15.076 
h° 133.331 131.300 131.563 131.186 130.845 129.141 
L* 81.950 82.211 82.530 81.798 82.420 
1.2 C* 12.004 13.711 14.050 14.187 N/A 14.523 
h° 133.071 132.843 131.768 131.436 130.169 
L* 82.162 82.666 83.046 
1.3 C* N/A 12.253 N/A 14.856 N/A 15.390 
h° 132.298 131.327 130.811 
L* 82.931 82.537 82.998 83.562 
1.4 C* N/A 11.524 13.407 13.479 N/A 14.257 
h° 135.566 132.237 132.568 132.210 
L* 81.905 82.387 82.625 82.484 83.021 
1.5 C* 8.252 10.026 11.296 11.904 12.808 N/A 
h° 139.363 133.026 132.905 130.191 130.538 
L* 82.766 82.750 82.549 83.661 83.626 82.615 
2.0 C* 3.588 4.190 4.593 5.535 5.991 6.094 
h° 178.945 163.747 152.827 151.722 145.766 133.475 
L* 84.098 83.988 83.474 84.485 84.873 83.558 
2.5 C* 3.396 3.486 3.333 3.450 3.480 3.167 
h° 215.230 200.452 210.971 194.638 192.402 191.231 
L* 88.415 88.241 88.530 87.800 
3.3 C* N/A 4.147 N/A 4.208 4.466 4.479 
h° 197.337 195.941 181.742 173.289 
Table 4.3 Colour Analysis Data for all the Copper Borate Plaques 
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Industrial Standard L* C* h° 
Chrome Oxide M100 71.845 14.618 136.393 
Table 4.4 Colour Analysis of a Chrome Oxide Standard Sample 
Before comparing the copper borate samples with the chrome oxide standard it is 
important to note the change in colour of the samples as their composition and particle 
size is altered. This was achieved by changing their formulation and grinding time 
respectively and gave a good indication whether or not the copper borate compounds 
could be used as industrial pigments. 
Particle Size (grinding time) 
As it is very difficult to see any visible changes in the colour of the plaques by 
looking at figure 4.6, the colour analysis must be carried out by consideration of the 
colour data from table 4.3. The following graphs show the data for all the samples 
separated into the three properties of colour; hue, lightness and chromaticity. For 
each property there are two graphs to allow for the large number of samples. 
Hue 
The general colours of the samples are either green (hue value of around 135) or blue 
(hue value of around 210). 
Ha 
. --- '' Cu: B 
'" Ratio 
:... 
;_ x f 1: 0.6 
ý ' 
"10.7 
i: ! "; :ý 10 8 . 
tm 1: 0.9 
" x11.0 
*11.1 
+1: 1.2 
120 4- 
o in 20 10 so av TO Sa 90 tm 
Grind Time (seconds) 
Figure 4.7 and figure 4.8 show the data as graphs where the trend lines are marked as 
dashed lines. 
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Excluding the first sample, ratio I to 0.6, all of the samples follow a general trend of 
becoming more yellow, i. e. lower hue value as they are ground for a greater length of 
time. This is due preferential scattering of the shorter wavelength light; as the 
particles become smaller they can no longer interact as efficiently with the longer 
wavelengths (Rayleigh Scattering). Ideally a pigment would retain the same value for 
hue throughout any given range of particle sizes, as some applications require smaller 
or larger particle sizes. From these results it was noted that samples 0.7,0.8,1.3,1.4, 
and 1.5 did remain relatively unchanged in their hue measurements, which showed 
some promise for the greener sample as a pigment. The bluer, high boron content, 
samples however became noticeably weaker and hence are unlikely to be useful. 
1a - 
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" Cu: B 
" Ratio 
x .. 
f'' _ 0.15 
Sa". r 
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Figure 4.7 Hue Vs Grind Time for Copper : Boron samples, ratios 1: 0.6 to 1: 1.2 
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Figure 4.8 Hue Vs Grind Time for Copper : Boron samples, ratios 1: 1.3 to 1: 3.3 
Lightness 
The lightness of a sample is given on a 0-100 scale; generally a lightness of around 70 
would be suitable for inorganic green pigments. figure 4.9 and figure 4.10 show the 
lightness data as graphs for all the samples. The dashed lines show the general trend 
for each sample (the scales are kept constant). 
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Figure 4.9 Lightness Vs Grind Time for Copper : Boron samples, ratios 1: 0.6 to 1: 1.2 
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All of the sample, bar the ratios 1 to 0.6,0.7 and 1.0, show very little change in their 
lightness values with increased grinding time, thus showing relatively stable lightness 
properties but generally the samples were very white with most samples above 80. 
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Figure 4.10 Lightness Vs Grind Time for Copper : Boron samples, ratios 1: 1.3 to 1: 3.3 
The blue samples are particularly white in appearance. It is difficult to comment on 
the three samples whose lightness lowers with grinding time. It could be that the 
smaller particles allow a more uniform colouring in the plaques therefore masking the 
whiteness of the titanium dioxides. 
Chromaticity 
The chromaticity of a sample describes the strength of the hue of the sample. A 
reasonable value would be around 14 for a green pigment in the standard conditions 
used. Figure 4.11 and figure 4.12 show the chromaticity data in the form of two 
graphs; both on the same chromaticity range and scale. 
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Figure 4.11 Chromaticity Vs Grind Time for Copper : Boron samples, ratios 1: 0.6 to 1: 1.2 
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Figure 4.12 Chromaticity Vs Grind Time for Copper : Boron samples, ratios 1: 1.3 to 1: 3.3 
As with the lightness data all the samples, bar ratios I to 0.6,0.7 and 1.0, show a 
gradual increase in the chromaticity of the plaques with grinding time. A possible 
cause for this maybe that the plaque covering becomes more evenly distributed as the 
particle size gets smaller. The blue samples show very poor chromatic strength. 
As a whole the colour properties of the samples were relatively unaffected by the 
length of grinding time. It is difficult to draw exact conclusions on this phenomenon 
as the average particle size of the samples could not be measured. To conclude the 
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colour analysis of the copper borate samples the colour properties must be compared 
between formulations and with a commercial standard. 
Composition 
The samples were initially analysed with respect to their colour properties and 
grinding time (where longer grinding should produced smaller particles). This was 
done to deduce whether any of the different starting ratios produced a copper borate 
compound that could be used commercially. The full range of copper to boron ratios 
were compared, for a set grinding time (60 seconds), with the chrome oxide as a 
reference point. Even though a green coloured pigment was the primary focus for this 
series of compounds the bluer samples were still included for completeness (see 
figure 4.13). 
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Figure 4.13 Colour values of copper borate samples after firing and milling (60 seconds) 
The dashed lines are taken from the colour data from the chrome oxide standard. 
They were included to show a direct comparison between the different formulations 
and a standard. The lightness values were higher than the standard for all of the 
different ratios and the hues values were all relatively similar to the chrome. The 0.6 
and 0.8 ratio samples where seen to compare most favourably with the chrome oxide. 
1: 0.6 Copper to boron ratio sample 
It was the darkest of the samples and therefore closest to the chrome oxide lightness 
value also having a similar value for hue. Unfortunately the strength of the colour, 
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chromaticity, was one of the lowest in the green range. This was not seen to be a 
favourable property so the sample did not undergo any further analysis. 
1: 0.8 Copper to boron ratio sample 
As was the case for most of the samples, the 1: 0.8 sample was relatively light in 
colour and had a slightly more yellow green hue value. This sample however showed 
the highest colouring strength of all the green samples Due to its relatively high 
chromaticity, further reflectance measurements were performed upon the plaque (60 
seconds) to compare it with the chrome oxide (see figure 4.14). 
By comparing the reflectance spectrum with the colour spectrum (see figure 4.15) it is 
much easier to see why the sample, 1: 0.8, was lighter than the standard chrome oxide. 
There was a greater reflectance across the all the wavelengths apart from at the 
extreme ends of the visible spectrum. There are no real absorption troughs for the 
sample unlike the chrome oxide. The main reflectance peak is very broad across the 
whole of the green region of the spectrum. 
4.4 Conclusions 
The results from the copper borate work were not sufficiently promising to warrant 
industrial interest in these materials. Some useful colour properties have been 
identified however, that could be improved by further academic research. 
Powder X-ray diffraction work has identified the formation of mixtures of two borate 
phases at all Cu: B ratios using boron oxide and copper oxide as starting materials for 
these reactions. It is possible that the use of different starting materials could lead to 
the production of pure phase materials with improved colour properties 
The colour analysis proved that samples with near to an equal molar amount of copper 
and boron had the greatest potential as green pigments. 
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Figure 4.14 Reflectance Vc Wavelength for Sample ratio 1: 0.9 and Chrome Oxide (ctandarcl) 
Figure 4.15 The risible colour spectrum ( a%clength in tianometers) 
The two cobalt borate phases that were consistently produced during these 
experiments have different colours and different structures. Cu3B2O6 is green in 
colour and is shown in figure 4.16 and CuB2O4 is blue in colour and is shown in 
figure 4.17. The different intensity of colour observed for the two phases can be 
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explained by consideration of the coordination geometry of the copper ions in the 
different structures. 
02- 
Cuz+ 
B3+ 
Figure 4.16 Structure of Cu3B2O6 
For the green Cu3B2O6 compound, the copper ions are present in both a square-planer 
and square-based pyramid arrangement, whereas the blue CuB2O4 compound only 
contains square planer copper ions. The strong colour of the green coloured 
compound can be explained by the higher ratio of copper to boron within the structure 
and the asymmetric local environment of the copper ions; therefore the colour 
transitions are not forbidden by the Laporte Selection Rule (see chapter 1). The less 
intense blue colour of the CuB2O4 compound results from having all of its copper ions 
in a cetnrosymmetric square planer environment that means d-d transitions will be 
Laporte's rule disallowed. 
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If these compounds are to be developed as pigments, the intensity of the colour of the 
blue compounds would have to be improved and the stability of the compounds would 
also have to be tested in acid, alkali and other industrial media; such as in glazes or 
ceramic mixes. Additionally, the colour-fastness (light stability) of the samples 
should be investigated. 
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Figure 4.17 Structure of CuB204 
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Chapter 5 
Cobalt Aluminium 
Germanium 
Spinets 
5 Cobalt Aluminium Germanates 
5.1 Introduction 
This chapter focuses on the spinel-based structure of cobalt aluminium oxide, 
CoA12O4, doped with increasing amounts of germanium (IV) oxide, Ge02, to produce 
a series of samples (see general equation below). ' 
(1+x)Co"O+(1-x)Al2"03 +xGe"'OZ (x=o-ýi: o) >Coi+x All" GezV 04" 
Equation 5.1 Equation of the General Cobalt Aluminium Germanate Spinel Series 
The samples were produced to evaluate their possible use as colorants in the pigment 
industry and to investigate any structural changes throughout the series, therefore 
adding to current research about cobalt in the pigment industry. 
5.1.1 The Spinel Structure 
The spinel structure is formed by a large number of ionic compounds, many of which 
are used commercially for various different applications; for example as colorants in 
the pigment industry or for their magnetic properties. 2'3 The basic formula for the 
structure can be given as AB204, where 'A' and 'B' are cations. The unit cell is 
comprised of a cubic close-packed array of oxygen ions with the cations occupying 
both tetrahedral (A) and octahedral (B) sites in an ordered fashion. The unit cell 
contains 32 oxygen ions that produce 64 tetrahedral and 32 octahedral sites, where 
only 8 and 16 of each hole are occupied respectively. This arrangement of ions 
results in a unit cell size that is eight times the size of a typical face centred cubic 
structure such as sodium chloride. By looking at the structure as basically eight sub 
cells of which there are two types (a) and (b) then the full unit cell can be pictured 
(see figure 5.1). A full unit cell would consist of four of each of the two types of 
octants (a) and (b), that are arranged so that adjacent octants are always different 
(figure 5.1c). The octant labelled (a) houses two tetrahedral cations `A' along with 
six of the octahedral cations, which reside along the edges of the octant. The octant 
labelled (b) houses one central cation that has an octahedral environment along with 
six other octahedral cations that reside along the edges of the octant and six octahedral 
holes. The octahedral sites are half-filled in an ordered manner, where alternate sites 
are filled, and this allows space for the tetrahedral cations, which are surrounded in a 
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reverse tetrahedral manner by the octahedral holes (figure 5.1 a). The tetrahedral holes 
are not shown in figure 5.1 for clarity, but there are eight tetrahedral holes per octant. 
The arrangement of the cations on the various available tetrahedral and octahedral 
sites does not happen by chance; they are ordered within the spinel structure in such a 
way that there are no tetrahedral or octahedral cations adjacent to each other, thus 
minimising the cation-cation repulsions. To complete the picture of the spinel 
structure a mention of the oxygen coordination is needed; due to the ratio of 
tetrahedral, octahedral and oxygen sites, each oxygen ion, 0.2, is in a tetrahedral 
environment bonded to a single tetrahedral cation and three octahedral cations. 
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Figure 5.1 (a) tetrahedral octant, (b) octahedral octant and (c) full spinel unit cell 
The spinel structure can host many different combinations of metal ions on either of 
the two available sites. In a normal spinel structure like ions would only be held on 
one of the two sites whereas an inverse spinel structure would have an equal 
proportion of each ion on the octahedral sites. In addition, it is also important to 
realise that there are also random spinel structures which are combination of both 
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normal and inverse structures. The structure that forms depends on the reaction 
conditions and types of the metal ions present. 
The inverse spinel structure differs from the normal structure in that one type of 
cation occupies all of the tetrahedral sites and half of the octahedral sites. Therefore 
there are two types of cation on the octahedral sites, i. e. 
[B]"" [A, B]0 04 
The random spinel structures can have a range of intermediates, as mentioned above, 
with the cation distribution being quantified using a fractional inversion parameter y. 
The fraction being of the number of A ions on the octahedral sites: 
Normal: [A]'O' [13210ctah 04 7=0 
Inverse: [B]k" [A, B]O J) 04 71 
Random: tetm [AO. 67 1-3310cuh 04 y=0.67 
The degree of inversion, y, is influenced by several factors; these include the ions 
preferences for a particular site based upon their size, covalent bonding effects and 
crystal field stabilisation energies. A combination of these factors dictates where the 
ions will be preferentially situated. The tetrahedral positions are generally the smaller 
of the two available sites and have only four oxygen ions around them compared to 
six on the octahedral sites. Table 5.1 shows a general list of compounds that adopt the 
spinel structure (where type refers to the charge on the relative cations in the different 
spinel compounds). 
Compound Type a(A) Structure Compound Type a(A) Structure 
MgA12O4 2,3 8.0800 Normal MgIn204 2,3 8.8100 Inverse 
CoA1ZO4 2,3 8.1068 Normal MgIn2S4 2,3 10.7080 Inverse 
CuCr2S4 2,3 9.6290 Normal Mg2TiO4 2,4 8.4400 Inverse 
CuCr2Se4 2,3 10.3570 Normal Zn2SnO4 2,4 8.7000 Inverse 
CuCr2Te4 2,3 11.0510 Normal Zn2TiO4 2,4 8.4670 Inverse 
MgTi2O4 2,3 8.4740 Normal LiAlTiO4 1,3,4 8.3400 Li in tet 
Co2GeO4 2,4 8.3180 Normal LiMnTiO4 1,3,4 8.3000 Li in tet 
Fe2GeO4 2,4 8.4110 Normal LiZnSbO4 1,2,5 8.5500 Li in tet 
MgFe2O4 2,3 8.3890 Inverse LiCoSbO4 1,2,5 8.5600 Li in tet 
NiFe2O4 2,3 8.3532 Inverse 
Table 5.1 Some compounds that crystallise with the spinel structure 
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5.1.2 Inorganic Pigments with the Spinel Structure 
Due to the high thermal and chemical stability of some mixed metal oxides with the 
spinel structure, those with strong colour properties have become important pigments 
in the ceramics, porcelain enamels, paints, plastics and building materials. See table 
5.2 for examples: 
General Name Formula Colour Crystal Structure 
Cobalt blue CoAI2O4 reddish 
blue spinel 
Co(A1, Cr)204 greenish blue spinel 
Cobalt green (Co, Ni, Zn)2TiO4 green inverse spinel 
Zinc iron brown ZnFe2O4 
light to medium spinel 
spinel 
Spinel black 
Cu(Cr, Mn)204 black intermediate between 
Cu(Fe, Cr)204 
normal and inverse sninel 
Table 5.2 Inorganic pigments with spinel structures 
Cobalt Blue was originally known as Thenard's blue after its initial synthesis by 
Louis-Jacques Thenard in 1802. It was produced by heating a mixture of cobalt salts 
and aluminium oxide and had a very pure tint. It remained a popular choice for most 
artists and dominated the artist palette until synthetic ultramarine blue was 
discovered. 4 Since its discovery it has been a pigment that has undergone a lot of 
research and analysis in terms of optimisation of its colour, synthesis route and cost. 
In truth, most of the research has been geared towards lowering the production cost of 
the pigment by either partially substituting cheaper metals for the cobalt or lowering 
the reaction temperatures using sol-gel methods. A general consensus would be that 
to produce the characteristic blue colour, temperatures above 700°C must be 
s reached. '6 
As is the case with some of the ultramarine blues, cobalt blue has a brilliant blue hue 
with a red tinge. The intense colour is produced due to the location of the cobalt ion 
on the tetrahedral site. Although the compound has an ideal formula of CoA12O4, 
there is usually a cobalt deficiency such that a molar ratio of 0.6-0.7: 1.0 (CoO: A1203) 
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is observed. 7 It is possible to fill these tetrahedral holes with magnesium or zinc ions. 
A green shift in the hue of the compound is also possible by substituting some of the 
aluminium with chromium. A relatively high aluminium molar ratio (Al: Cr = 7: 3) 
would give a more neutral blue and by increasing the chromium content further a 
greenish blue would be produced (A1: Cr 3: 7). 
Cobalt Green was discovered at a similar time to cobalt blue, and is produced by 
substituting cobalt for either magnesium or zinc in cobalt titanate. The compound 
crystallises with an inverse titanium spinel structure (Mg2TiO4 and Zn2Ti04), with the 
cobalt occupying the octahedral sites. Both blue and green hues can be produced and 
a general formula can be written; Mg. CobZncTi04 (where a+b+c= 2). Additionally 
if the magnesium is replaced by nickel, to give the approximate stoichiometry NiCo- 
0. sZno. sTiO4 then a brilliant cobalt green is produced. A turquoise spinel can be 
created if lithium ions are substituted into this structure, Li2(Co, Ni, Zn)Ti3O4, where 
the lithium cations occupy the tetrahedral sites and the framework charge is balanced 
by increasing the amount of the tetravalent titanium ions. 
Although not mentioned in the pigment and artistic text books, the cobalt germanate 
spinel, Co2GeO4, is also a pink coloured compound. The larger divalent cobalt 
resides on the octahedral sites and the smaller tetravalent germanium lie on the 
tetrahedral sites. 
5.1.3 The Colourful Cobalt ion (Co2+) 
The colour of many of the aforementioned metal oxide compounds with the spinel 
structure is dependant on the versatile cobalt (II) ion either in a tetrahedral or 
octahedral ligand field. The different environments of the cobalt ion are responsible 
for the diverse range of coloured compounds. The intensity of the colour and the hue 
is dependant on the size and probability of the d-d transitions that are stimulated by 
radiation in the visible region of the spectrum. 
5.1.3.1 Octahedral or Tetrahedral 
As cobalt is a transition metal it has electrons in its d-orbitals. Although these 
electrons are not directly involved in bond formation in the spine! structure, as it is 
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basically an ionic structure, they do still play a role in deciding which site the ion 
would preferentially reside on, octahedral or tetrahedral. 
There are five degenerate d-orbitals, each capable of holding two electrons with 
opposing spins, all having the same energy. In the case of the cobalt (II) ion there are 
seven electrons occupying the d-orbitals, d7. 
Crystal field splitting of the d-orbitals 
The spinel structure offers two possible coordination environments for the metal ions 
incorporated into the closely packed array of oxygen ions. Occupation in either of the 
sites causes the five degenerate d-orbitals of the metal ion to split into two groups, 
octahedral and tetrahedral. In the octahedral environment the t2g group is of lower 
energy, containing three orbitals, and the eg group that contains two orbitals of higher 
energy. For the tetrahedral environment, the ratio of the number of orbitals in the 
higher and lower energy states is reversed and labels the higher energy group as t2 and 
the lower as e (see figure 5.2), the g is lost as the tetrahedron has no centre of 
symmetry. 
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Figure 5.2 Crystal Field Splitting of d-orbitals by both octahedral & tetrahedral environments 
The split orbitals fill in the same manner as any other orbital, starting from the ones 
with lowest energy. When the lower energy orbitals have been partially filled, with 
one electron, so that there are three electrons in the t2g level for an octahedral 
environment and two electrons in e level for a tetrahedral site, then there are two 
possible ways to continue the orbital filling. The electrons can either continue to half 
fill the empty higher energy eg/t2 levels or begin to pair up, with an opposite spin, in 
the lower energy levels. The two factors that dictate which type of electron 
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configuration is adhered to are; electron spin repulsive energies (P) and the increased 
amount of energy needed (00c1 or At') to put an electron in the higher level (eg or Q. 
If electron pairing repulsions (P) are less than that of the crystal field splitting energy 
(A) then a low spin (LS) configuration would be preferred but when P is of higher 
energy than the difference between the two levels then a high spin (HS) configuration 
would be observed (see figure 5.3). By putting electrons in the t2g and e orbitals the 
effective energy of the system is lowered as these orbitals are of lower energy than the 
original degenerate d-orbitals, thus increasing the stability of the structure. The filling 
of the higher energy eg and t2 levels has a destabilising effect. The net lowering of the 
crystal lattice's energy is known as the crystal field stabilisation energy (CFSE). If all 
the orbitals are filled then the CFSE would equal zero because the difference in 
energy in the higher and lower levels cancel each other out. 
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Figure 5.3 Low and high spin states for a d7 transition metal ion in an octahedral environment 
For example: ad 7 transition metal ion in an octahedral environment would have two 
possible CFSE values depending on its spin configuration (high spin or low spin as 
shown above). The LS configuration has six electrons in the t2g level all at a 
relatively lower energy level equalling 2/5 of the crystal field splitting energy, 0°Ct, 
when compared to the degenerate orbitals. One electron occupies the eg level with an 
increased energy equalling 3/5 of A". The HS configuration has five and two 
electrons in the t2g and eg levels respectively. Therefore an approximate calculation 
based on these facts can be made allowing configuration to be predicted: 
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Calculations: LS CFSE = (6 x 2/50°t) - (1 x 3/5A°`x) 
= 2.40°" - 0.60°°` 
=1.8A°" 
HS CFSE= (5 x 2/50°") - (2 x 3/5A°") 
= 2. Oi 0 -1.2e°ct 
= 0.80°x` 
Therefore the energy difference between the two configurations is equal to that of the 
crystal field splitting energy 0°". For mixed metal oxide spinels the crystal field 
splitting energies are relatively small due to the weak ligand field produced by the 
oxygen ions, therefore the transition metal ions have their electrons in a 
predominately high spin configuration. 
Similar calculations also can be used to estimate differences in energies of ions 
occupying either tetrahedral or octahedral sites; table 5.3 shows some CFSE values. 
Ion 
CFSE for CFSE for Excess octahedral 
octahedral tetrahedral stabilisation 
Cr3+ d3 224.5 66.9 157.6 
Fe3+ ds 0 0 0 
Fe 2+ d6 49.7 33.0 16.7 
Co 2+ d7 92.8 61.9 30.9 
Ni2+ d8 122.1 35.9 86.2 
Cu2+ d9 90.3 26.8 63.5 
Table 5.3 Crystal field stabilisation energies (kJ mot) estimated spectroscopically. 
The table shows a common trend, octahedral environments are more energetically 
favourable. Therefore when the metal ions are competing for octahedral sites it is the 
overall energy of the lattice that determines which ions are put on the lesser favoured 
and energetically less stable tetrahedral sites, i. e. it is far more favourable to put 
nickel (II) ions on the octahedral sites than cobalt (II) ions. 
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The differences in the CFSE's for the cobalt (II) ion are relatively small, therefore 
giving good reason behind the chameleon like behaviour of cobalt (II) ion in various 
different compounds with the spinel structure. 
It should also be noted that the tetrahedral site is somewhat smaller than its octahedral 
counterpart and therefore favours small highly charged metal ions. 
5.1.3.2 d-d transitions 
After a description of the some of the reasoning behind the cobalt ion occupying both 
tetrahedral and octahedral sites within various spinel structures, it must be noted the 
knock-on affect these environments have on the colour of the compounds. As is the 
case for a lot of transition metal compounds, cobalt containing spinels are highly 
coloured. They selectively absorb radiation in the visible light region, which is 
possible due to vacancies in the partially filled d-orbitals of the ion; hence a d-d 
transition or movement of an electron to a higher energy state within the d-orbital is 
possible. 
As mentioned in the introduction such transitions are governed by selection rules, 
these rules state whether a transition is allowed, meaning it has a high possibility of 
occurring, or forbidden, meaning it has a very low probability of happening. The 
Laporte selection rule and spin selection rules govern the probability of the d-d 
transition happening when radiation of the required wavelength is incident upon the 
ion. 
Spin selection rules8 
The electromagnetic field of the incident radiation cannot change the relative 
orientations of the spins of the electrons in a complex (see figure 5.4). 
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Figure 5.4 Example of spin selection rules 
The Laporte selection rule 
In a centrosymmetric molecule or ion, the only allowed transitions are those 
accompanied by a change in parity. 
This mean that transitions between g and u terms are permitted but not between g and 
g or u and u. The u term denotes an odd orbital (anti bonding) and the g term denotes 
an even orbital (bonding). 
The d-d transitions on the tetrahedral ion are Laporte's rule allowed but for the 
octahedral site, where the transitions are taking place between the t2g and the eg in the 
octahedral environment, the d-d transitions are Laporte's rule forbidden. This explain 
the marked difference in the intensity of the colour of the cobalt aluminate and cobalt 
germanate materials as in the latter case the cobalt lies exclusively on the octahedral 
site. 
Colourful Co 2+ spine! compounds versus the selections rules 
Spinel structures containing the cobalt (II) ion containing are coloured compounds 
with cobalt residing in either an octahedral or a tetrahedral environment. The colour 
of the compounds are known to come from absorption of radiation in the visible 
region of the spectrum, with the movement of electrons from lower to an excited state 
within the d-orbital; hence the term a d-d transition. Figure 5.5 shows the two 
possible symmetric and electronic configurations for the cobalt (II) ion in the spinel 
structure 
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Figure 5.5 Octahedral vs. tetrahedral environment for the cobalt (11) ion in the spinel structure 
Both environments could have d-d transitions with respect to the spin selections rules 
but the Laporte selection rule is not applicable to the tetrahedral site as it does not 
have a centre of symmetry. The octahedral environment is centrosymmetric and 
therefore d-d transitions should be entirely forbidden. However, these rules are 
relaxed if the symmetry can be momentarily or permanently disrupted. This can 
happen in two ways. Firstly, the perfect symmetry can be removed by distorting the 
environment due to lattice defects or site deficiencies i. e. disordered octahedral or 
tetrahedral holes or by increasing the number of alternative metal ions on each site 
Secondly, the site may undergo asymmetric vibrations which would temporarily 
destroy the centre of symmetry. 
The resultant colour outcome of these selection rules is that cobalt (II) ions in the 
tetrahedral environments are more intensely coloured, than that of their octahedral 
counter parts, as the d-d transitions are Laporte's rule allowed and therefore have a 
higher probability of occurring. 
5.2 Experimental 
5.2.1 Synthesis 
A series of samples were produced using solid-state synthesis methods with the 
following reagents; cobalt (II) oxide, aluminium (III) oxide and germanium (IV) 
oxide. The reagents were ground together, in the correct stoichiometric ratios, using a 
pestle and mortar. The mixtures were then placed in individual open alumina 
crucibles and heated in a box furnace for 12 h at temperatures between 900 and 
1400°C. Once cool, samples were reground and heated, for a further 12 h at the same 
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temperature, in order to obtain homogeneously mixed powders. Mineralisers; NaCl, 
CoO and borax, were also used in an attempt to produce more phase-pure samples. 
900-1400°C 
(l+x)Co"0+(1-x)A12"03+xGe'V02 Col+XAli 2xGexv0al1 (s=o-*1. O) 
Table 5.4 shows the intended sample formulations: 
`z' values compounds `a' values compounds 
0.0 C01.0A12.004 
0.1 Co1.1A11.8Geo. 104 
0.2 Co1.2AI1.6GeO. 2O4 
0.3 Col3A11AGeo3O4 
0.4 Co1,4Al12Geo. 404 
0.5 Col. 5A11, oGeo. 504 
0.6 Co1.6A1o. 8Geo. 6O4 
0.7 Co 17Alo. 6Geo. 7O4 
0.8 Co1. gA1o. 4Geo. 804 
0.9 Co1.9Alo, 2GeO. 9O4 
1.0 Co2.0Ge1.004 
Table 5.4 Formulations (intended) of the experimental samples 
5.2.2 Characterisation Techniques 
The samples were characterised using powder x-ray diffraction to gauge the 
completeness of the reaction and to check for a single phase product, Rietveld 
refinements were carried out in order to obtain the cell parameters and the colours of 
the samples were investigated using a PE Lambda 19 spectrometer. 
5.3 Results and Discussions 
5.3.1 Powder X-ray Diffraction (PXRD) 
The PXRD of a sample is one of the quickest ways in which the final product can be 
analysed. Even if a sample has the same colour as is reported it may not be phase 
pure and therefore changes to the synthesis procedure maybe necessary. Finding the 
correct temperatures to form phase pure samples throughout the Col+XA12.2XGexO4 (X! -- 
0 to 1.0) series was only possible by using PXRD after every reaction. 
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Due to the above reasons the opening part of the PXRD section highlights the changes 
made throughout the experimental reaction conditions and concludes with the final 
range of samples suitable for structural refinement. 
5.3.1.1 Initial Experimental Reaction Temperatures 
An initial temperature of 1200°C was chosen as the starting temperature for the series 
Col+xA12.2 GexO4 due to the limited availability of furnace time and space, knowing 
that the furnace temperature range was from 25 to 1400°C and that the characteristic 
blue colour of cobalt spinels only forms above 750°C. 
1200°CXRD patterns 
The samples, for the full series (x=0,0.1,0.2... 1.0), that were produced at 1200°C 
gave a good indication that different reaction temperatures were needed from the 
beginning to the end of the series (see figure 5.6 to figure 5.8). 
Figure 5.6 shows the XRD patterns of the samples in the series where x=0.0,0.1 and 
0.2. 
x=0.0, CoA12O4 after reaction at 1200°C 
The pattern showed that there were several phases present in the sample, peaks 
belonging to the starting materials both of the starting materials CoO and A1203, along 
with characteristic CoA1204 spinel peaks. The outcome of the PXRD findings for this 
sample indicates the need for a higher reaction temperature. 
x0.1, Co1, AA11.8Ceo 104 after reaction at 1200 °C 
A relatively pure single phase was shown for the sample with the peak positions only 
slightly shifted, to lower 20 values, from those expected from a standard CoA12O4 
spinel. 
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Samples for x=0,0.1,0.2 at 12000 
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Figure 5.6 PXRD Patterns of spinel series Col+=A12_2=Ge, O4 for x0.0,0.1 & 0.2 at 1200C 
X--0-2,, Co1.1Al1.6Geo. 204 after reaction at 1200°C 
Again the pattern showed peaks with similar positioning and intensities to that of the 
characteristic CoAl2O4 spinel. The peaks where again slightly shifted. Additionally 
an unknown phase has become apparent that may have also have been present in the 
x=0. I sample in a smaller concentration. 
Figure 5.7 shows the samples in the series where x=0.3,0.4,0.5 and 0.6. 
x=0.3,0.4 & 0.5 Col+. 9l2_2xGexO4 after reaction at 1200°C 
The progressive trend that was beginning to show in the first two germanium-doped 
samples continued without any major additional phases becoming visible. There was 
a gradual increase in the intensity of the extra phase and the spinel peaks continued to 
shift to lower 20 values. 
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Samples for x=0.3,0.4,0.5,0.6 at 12000 
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Figure 5.7 PXRD Patterns of spinel series Co, +, AI2.2, GeIO4 for xß. 3,0.4,0.5 & 0.6 at 1200C 
x0.6, C`01.010.864604 after reaction at 1200°C 
The previous patterns were all showing peak positioning that indicated a gradual 
transition from the CoA1ZO4 spinet phase to the Co2GeO4 spinet phase. This sample 
showed the first indications that the sample contained two distinct phases based on the 
aforementioned spinels although in very different quantities. A peak in the position of 
the most intense Co2GeO4 spinel is present albeit in a very low intensity. 
Figure 5.8 shows the samples in the series where x=0.7,0.8,0.9 and 1.0. 
x0.7,0.8 & 0.9 Co, +, 411_2xGexO4 after reaction at 1200°C 
The phase separation became more apparent as `x' was increased. The patterns show 
that the samples all contain varying ratios of the two parent spinels. Additionally a 
third phase is also present in the patterns, with peak positioning the same as CoGeO3. 
x1.0, Co2GeO4 after reaction at 1200°C 
Co2GeO4, being the final sample in the series no longer contains any aluminium oxide 
so there was no possibility of two spinel phases being present. The pattern does 
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highlight the extra peak associated with CoGeO3 which would leave the main phase, 
Co2GeO4, Ge02 deficient. 
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Figure 5.8 PXRD Patterns of spinel series Col+, A12.2, Ge. 04 for xß. 7,0.8,0.9 & 1.0 at 1200C 
The sample made at 1200°C highlighted the need for a refinement of the heating 
procedure due to the following reason; phase separation was occurring with the 
germanium doped samples probably due to excessively high temperatures, the parent 
CoA12O4 sample was not heated sufficiently enough to form a single phase and at the 
other end of the series the Co2GeO4 parent compound was phase separating probably 
due to over heating. 
In order to account for these problem a further series of samples were prepared using 
the following formulations and reactions conditions: 
i) Temperature studies were carried out on x=0.1 and x=0.9 formulations 
at 900,950,1000 and 1050°C. 
ii) CoA12O4 to be attempted with mineralisers at 1400°C. 
iii) Co2GeO4 to be attempted 1000°C with mineralisers. 
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5.3.1.2 Resultant Experiments 
Co1.1A11,8Geo lO, and Co1,94102Geo99O4 at 900,950,1000,1050 and 1200°C 
Samples were made at the new temperatures for the two formulations and then x-ray 
patterns were compared with the original 1200°C patterns. See figure 5.9 and figure 
5.10. 
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Figure 5.9 PXRD patterns of Co1.1Al1_gGeQ1O4 samples produced at various temperatures. 
The above figure shows the PXRD patterns of the aforementioned Co1,, A11.8Geo. 1O4 
samples at the various stated temperatures. All of the newly made lower temperature 
samples contain compounds with the spinel structure but the reaction temperatures 
were not sufficient as there are still unreacted A1203 peaks present in the diffraction 
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Figure 5.10 PXRD patterns of Co1.9Ab. 2GeQ9O4 samples produced at various temperatures. 
The above figure shows the PXRD patterns of the aforementioned Co1.9A10.2Geo. 9O4 
samples at the various stated temperatures. The samples reacted at 900 and 950°C 
suffered from a similar problem to the x=0. I samples, but both samples reacted at 
1000 and 1050°C have formed the spinel structure without phase separating and 
without leaving unreacted A1203. 
Further reactions of CoAl2O4 at elevated temperatures and with mineralisers 
In an attempt to lower the reaction temperature NaCl (5% w/w) was added to the 
samples of CoA12O4 at 1000,1100 and 1400°C. Both the lower temperature reactions 
produced multiphase samples as all of the starting materials failed to react. At 
1400°C, a comparison was made with samples prepared with borax (5% w/w), CoO 
(20% w/w) and a standard non-mineralised sample (see figure 5.11). It must be noted 
that a fresh stock of CoO was used for these experiment which could be the reason for 
the improvement purity of the resultant samples seen in their XRD patterns. 
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The above figure shows four patterns for sample aimed at making the CoA12O4 spinel 
structured compound by using borax, CoO and NaCl mineralisers along with a non- 
mineralised sample. The effect of the different mineralisers is not clear, in terms of 
aiding the reaction, as all four patterns show a single phase product was produced and 
each sample has an almost identical pattern. 
Further reactions of Co2GeO4 at lowered temperatures and with mineralisers 
Due to the formation of the CoGeO3 phase along with the desired Co2A1O4 phase at 
1200°C the reaction temperature was lowered to 1000°C and samples were made 
using borax and NaCl as mineralisers. A standard non-mineralised sample was also 
attempted (see figure 5.12). 
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Figure 5.11 PXRD patterns of CoAI2O4 sample produced using various mineralisers. 
The above figure shows the patterns of the sample with the intended formulation of 
Co2GeO4 made with NaCl (5% w/w) and borax (5% w/w). Both of the mineralised 
samples produced single-phase compounds with peaks corresponding to the Co2GeO4 
spinel structure. 
Additional x0.7, Col. 7Al0 6Geo 7O4 sample at 1100°C 
A sample with the intended formulation Co1.7A10.6Geo. 704, was reacted at 1100°C to 
bridge the gap between the x=0.5 and x=0.9 samples in the series. The previous 
x=0.7 sample has undergone phase separation during its reaction at 1200°C (see 
figure 5.13). 
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Figure 5.12 PXRD patterns of Co2Ge0, with NaCl and Borax mineralisers. 
Although the sample has not phase separated into two separate spinel phases as it did 
at 1200°C, the pattern still has some CoGeO3 peaks present with low intensities. 
5.3.1.3 PXRD Discussions 
With the additional experimental temperatures and mineralisers, a suitable range, in 
the Col,,, Al2.2,, Ge, O4 series (x=0.0 to x=1.0), of relatively phase pure samples was 
finally produced. Table 5.5 shows the list of the samples that were thought to be 
suitable for Rietveld refinement on the basis of their PXRD patterns. 
`x' Compound Temp (°C) `x' Compound Temp (°C) 
0.0 CoA12O4 1400 0.5 Co1_5Al1. oGeo. 5O4 1200 
0.1 Col, A1,8Geo. 1O4 1200 0.7 Coi. 7AI0.6Geo. 7O4 1100 
0.2 Co1.2A11.6Geo. 204 1200 0.9 Co1,9Ala. 2Geo. 9O4 1050 
0.3 Co1,3A11 4Geo. 304 
1200 1.0 Co2GeO4 + borax 1000 
0.4 Coi 4A11.2Geo. 404 1200 
Table 5.5 Compounds suitable for Rietveld Refinement 
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Figure 5.13 PXRD pattern of Co1.7Alo. 6GeQ704 at 1100°C. 
A gradual shift in the main spinel peak positions can be shown (see figure 5.14) as `x' 
is increased, the reflections shift towards lower 20 values indicating an increase in 
cell size. This would be expected as the reported cell size in the JCPDF for CoA12O4 
is 8.107A and 8.318A for Co2GeO4. 
Col +xAI2-2xGexO4 for x=0 to 1.0 at various temperatures 
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Figure 5.14 PXRD patterns of the Col+=A12_2, Ge=O4 series. 
The lowering of the reaction temperatures throughout the series again follows the 
trend of the parent compounds. The samples required temperatures within a 400 
degree range (1400°C to 1000°C) with lower temperatures needed as the 
concentration of germanium oxide was increased. 
5.3.2 Colour Analysis 
The samples were analysed for colour using two very basic techniques; one was done 
by giving a visual description of the colour of the samples and the other was to mount 
to the samples on clear acetate sheets then scan the acetate onto the computer to get 
red, green and blue values for the different colours. 
5.3.2.1 Brief Colour Results 
Figure 5.15 represents the general colour range of the experimental samples: 
156 
X=0 
CoAI2O4 
Blue 
Coy+XAI2-2XGexo4 
Purple 
x=i 
Co2GeO4 
Pink 
Figure 5.15 General colour range of the Col+: AI2_2, Ge, O4 series. 
5.3.2.2 Mounted Samples 
Samples Temperature Colour 
CoA12O4 1? 00° C 
Co1.1Al1.8Ge0.1 O4 1200° C 
Co1.2A11.6Ge0.2O4 1? 00° C 
Co1.3A11.4Ge0.3O4 1200° C 
Col 4Al12Geo. 4O4 1200° C 
Co1.5A11.0Ge0.5O4 1200° C 
Co1.6Al0.8Ge0.6O4 1200° C 
Co1.7AI0.6Ge0.7O4 1200° C 
Co1.3A10.4Geo. $O4 1200° C 
Co1.9AIa. 
2Geo. 9O4 
1200° C 
Co2GeO4 1200°C 
Table 5.6 Scanned mounted samples made at 1200°C. 
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Table 5.6 shows the gradual change in colour of the samples but many of these 
samples contained more than one phase, as mentioned above in with the PXRD data. 
Samples Temperature Colour 
Co1.1A11.80eo. 
104 950°C 
m 
CO1 1A11 gGe0104 1000°C 
Co1.1Al1.8Ge0.1O4 1050°C 
Co1.1 A11.8Ge0.1 O4 1200°C 
------------------------------------------------------- 
Col. 7AJ0.6Geo. 7O4 1100°C 
Co1.9AI. 2Ge0.9O4 950°C 
Col9AL32Ge0904 1000°C 
Co19A10 2Ge0 904 1050°C 
Co1.9A'0.2Ge0.9O4 1200°C 
Co2GeO4 1000°C 
Co2Ge04 + NaCl 1000°C 
Co2GeO4 + Borax 1000°C 
Table 5.7 Scanned mounted samples made at various temperatures. 
Table 5.7 shows the colour of various samples that were made using different reaction 
conditions. 
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Sample Compositions Temperature 
C Red 
Colour Values 
Green Blue 
CoA12O4 1400 26 28 131 
Co i .1 
A11.8Geo. 1 O4 1200 26 31 131 
Co1.2A11.6Geo. ZO4 1200 21 27 102 
Co1.3A11.4Ge0.3O4 1200 19 25 83 
Co1.4Al1.2Geo. 4O4 1200 17 20 75 
Co1.5Al1 
. oGeo. 504 
1200 16 19 52 
Co1.7Al0.6Geo. 7O4 1100 95 67 105 
Co1.9Al0.2Geo. 9O4 1050 148 86 109 
Co2GeO4 + borax 1000 143 59 72 
Table 5.8 RGB colour values of single phase samples 
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Figure 5.16 Graphical representation of the RGB colour values listed in table 5.8. 
Although the `RGB' colour data shown in table 5.8 and figure 5.16 was not the most 
ideal way of analysing the samples for their colour properties it can be seen that there 
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'RGB' colour values for Col+xAJ2-2xGexO4 
- Red " Green -+- Blue 
is an overall increase in the redness of the sample with increasing `x' and a decrease 
in blueness. 
5.3.2.3 Brief Discussion of Colour Results 
The intensities of the blue and pink coloured parent spinel compounds are very 
different. CoA12O4 has an intense blue hue, with a slight red tinge whereas the 
Co2GeO4 spinel has a pink hue but is far less intense. It was important to note the 
colour of a sample before refining the structures using Rietveld analysis, as the colour 
is indicative of the environment that the cobalt (II) ions. As mention previously, a 
tetrahedral symmetry has allowed d-d absorption transitions due to the asymmetric 
environment of the central ion. Therefore it would be reasonable to assume that the 
cobalt ions are definitely part, if not completely, occupying the tetrahedral sites of the 
CoAI2O4 spinel. At the other end of the series, the Co2GeO4 spinel has a different 
hue, signifying a change in environment for cobalt (II) ions. The lower intensity of 
the hue also indicates a predominantly octahedral environment for the cobalt ion. 
This would be expected due to the small differences in crystal field stabilisation 
energies of the cobalt (II) ion on either type of site. The less intense colour also 
designates the cobalt (II) ion in the octahedral field and hence Laporte's rule 
forbidden d-d transitions. A relaxation of the selection rule would be possible if the 
lattice had defects that could be caused for a number of reasons; disordered filling of 
the two types of cationic sites, contamination from the alumina reaction vessels or 
possible oxidation of Co2+ to Co3+. The colour of the doped samples also gives vital 
structural clues. All but the end member of the series, Co2GeO4, have a blue hue with 
an increasing pink hue as `x' was increased. This indicates that there is always some 
tetrahedral cobalt and that amount of octahedral cobalt increases with Y. 
Therefore the above brief colour analysis provides a good starting point for the 
refinements. 
5.3.2.4 Conclusion of Colour Results 
From the changes in the colour of the samples it would be feasible to assume that the 
following structural transformations are happening: 
i) For x=0 to x=1 the cobalt ions reside on two different sites, tetrahedral 
and octahedral respectively. 
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ii) Aluminium and germanium would preferentially occupy the octahedral 
and tetrahedral sites respectively. 
iii) Germanium would preferentially occupy the tetrahedral site at the 
expense of cobalt. 
Thus a revised general formulation is offered: 
[Co['GeTh'' rAZljl COL ]x 
x tet L 2-2x 2x oct 4 
5.3.3 Analysis using the Rietveld Refinement Method 
The refinement of the PXRD data using the Rietveld method allowed the cell sizes 
and the variations in the octahedral and tetrahedral site occupancies to be calculated 
and studied. Only the relatively pure samples listed in table 5.5 were studied. 
There are two fixed sites for the cations in the spinel structure, one tetrahedral and one 
octahedral, and there is one site for the anions. The space group used to describe the 
symmetry of the spinel structure is generally the Fd3m (227). The resultant ionic 
positions are shown in table 5.9 for CoA12O4 and in table 5.10 for Co2GeO4. Their 
cell sizes are 8.107A and 8.318A respectively. 
Ion site 
Oxidation 
xyz Occupancy. state 
Co (8a) +2 
Al (16d) +3 
O (32e) -2 
0.000 0.000 0.000 1 
0.625 0.625 0.625 1 
0.3879 0.3879 0.3879 1 
Table 5.9 Basic atomic positions for the CoAI2O4 spinet. 
Ion site 
Oxidation 
gyz Occupancy. state 
Ge (8a) +2 0.000 0.000 0.000 1 
Co (16d) +3 0.625 0.625 0.625 1 
0 (32e) -2 0.3737 0.3737 0.3737 
Table 5.10 Basic atomic positions for the Co2GeO4 spinel. 
The only difference between the two spinels is the positioning of the oxygen ions as 
the other ions are on fixed sites. This results in different bond lengths between the 
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two types on both the tetrahedral and octahedral sites. From both of the above tables 
it is clear that the cobalt ions can occupy both sites, therefore refinement of site 
occupancies using the Rietveld method should indicate that cobalt is distributed 
between the two sites. Additionally for slightly more complicated compounds such as 
Co1.5A1Ge0,504 there are several possible combinations of how the cations could fill 
the two sites. Hirota et al. published the following data shown in table 5.119 
Ion site 
Oxidation 
xyz Occupancy. 
state 
Co 8a +2 0.000 0.000 0.000 0.270 
Ge 8a +4 0.000 0.000 0.000 0.500 
Al 8a +3 0.000 0.000 0.000 0.230 
Co 16d +2 0.625 0.625 0.625 0.615 
Al 16d +3 0.625 0.625 0.625 0.385 
0 32e -2 0.3737 0.3737 0.3737 1.000 
Table 5.11 Atomic positions for the Coj sAlGeU04 spinel suggested by Hirota et aL9 
As the table above shows the authors suggested that there was partial occupation of 
the tetrahedral 8a sites with all three of the different cations Coe+, Ge4+ and A13+ 
whereas the octahedral sites was refined with only the Co 2+ and A13+ cations on them. 
There are no allowances for any deficiencies on any of the sites. As previously 
mentioned the CoA12O4 spinels are often cobalt deficient but this is not thought to be 
the case for the Co2GeO4 spinels therefore it is difficult to know where to start the 
refinement of the different spinel samples or to know where about the 8a site 
vacancies stop occurring within the Col+. A12.2,, GexO4 series. 
The results of two different refinement ideas are shown below, although more 
attempts were made to find a suitable constraints model to fit the series. 
5.3.3.1 Refinement Data 
The GSAS Rietveld refinement program was used exclusively throughout the 
refinement of the cobalt aluminium germanates. 
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The first model used allowed for no deficiencies on any of the sites, but did allow the 
cobalt and aluminium ions to reside on either of the two cationic sites. The 
germanium ions were only placed on the tetrahedral sites and the amount of 
germanium in the sample was assumed to be that of the starting quantity. 
The second model did not allow aluminium on the tetrahedral site, but did try to 
model the tetrahedral site vacancies. Again the germanium was exclusively held on 
the tetrahedral site whereas the cobalt ions were refined on both the tetrahedral and 
octahedral sites. 
Model 1 
The calculated cell sizes are shown in table 5.12 and a graphical representation of the 
data is shown in figure 5.17. 
`x' Compound 
Cell Size a 
(A) 4 XI x' 
Compound Size a 
(A) 
0.0 CoA12O4 8.101 0.5 Col. 5A11. oGe0.5O4 8.206 
0.1 Coi. 1Al1.8Geo. 1O4 8.108 0.7 Co1.7Al0.6Geo. 7O4 8.314 
0.2 Coi. 2A11.6Ge0.2O4 8.125 0.9 Co1,9Alo. 2Geo. 9O4 8.316 
0.3 Co1_3Al1.4Ge0.304 8.148 1.0 Co2GeO4 + borax 8.314 
0.4 Coi. 4Al1.2Geo. 404 8.176 
Table 5.12 Calculated Cell Sizes 
Calculated Cell Sizes for the Co1., Al2_21GexO4 Series 
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Figure 5.17 Graphical Representation of Calculated Cell Sizes 
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From studying table 5.12 and figure 5.17, an initial, almost linear, relationship 
between an increasing value of `x' and an increase in cell sizes was observed up to 
`x=0.5'. Above `x=0.5' there is a plateau with very little change between the cell 
sizes for an increase in Y. 
A possible explanation would be that there is a solid solution limit at around `x=0.5' 
and any further increase in the concentration of germanium only led to a greater 
mixture of Co2GeO4 and the lower `x' valued Col+. A12.2xGexO4 series. The 
continuing change in colour at this end of the series could be accounted for by the 
mixing of the different compounds rather than a gradual change in the formulation of 
a single phased sample. 
The ionic radii of the relevant ions, which are concerned with the experimental series 
- Col+XAl2.2,, GexO4, are shown below (see table 5.13). 
Ion Environment Radius(A) Ion Environment Radius(A) 
Co (II) Octahedral (HST) 0.885 Co (II) Tetrahedral 0.720 
Ge (IV) Octahedral 0.670 Ge (IV) Tetrahedral 0.530 
Al (III) Octahedral 0.675 0(-11) Tetrahedral 1.240 
Table 5.13 Ionic radii for ions in octahedral and tetrahedral environments. (FHS- indicates high 
spin). 
During the Rietveld analysis of the PXRD patterns different variables were refined 
enabling the best possible fit to be gained for the pattern. These results are shown in 
table 5.14, table 5.15 and table 5.16. 
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`x' Cell size (A) Error wRp x2 
0.0 8.10050 0.00018 0.0071 2.847 
0.1 8.10820 0.00022 0.0051 1.668 
0.2 8.12460 0.00044 0.0062 2.644 
0.3 8.14800 0.00063 0.0066 3.079 
0.4 8.17640 0.00085 0.0081 3.519 
0.5 8.20600 0.00056 0.0057 2.271 
0.7 8.31350 0.00019 0.0093 5.550 
0.9 8.31561 0.00035 0.0083 6.083 
1.0 8.31420 0.00022 0.0080 6.061 
Table 5.14 Calculated Cell Sizes and Refinement Parameters for refinement method 1 
The values for wRp and x2 represent the goodness of fit between the calculated data, 
from which the cell sizes and site data are calculated from, and the collected data from 
the PXRD patterns. Ideally wRp and x2 would be as close as possible to zero and 1 
respectively but the above values are generally considered to be acceptable. 
Tetrahedral site (0.6 25,0.625,0.625) 
x Co" All" Ge's' Bond Length (A) 
0.0 0.909 (6) 0.091 (6) 0.000* 1.9645 (21) 
0.1 0.870 (6) 0.030 (6) 0.100* 1.9560 (20) 
0.2 0.718 (7) 0.082 (7) 0.200* 1.9647 (25) 
0.3 0.573 (7) 0.127 (7) 0.300* 1.9731 (27) 
0.4 0.442 (8) 0.158 (8) 0.400* 1.9777 (33) 
0.5 0.285 (5) 0.215 (5) 0.500* 1.9684 (25) 
0.7 0.179 (9) 0.121 (9) 0.700* 1.892 (6) 
0.9 0.200 (0)* 0.000 (0)* 0.800* 1.839 (8) 
1.0 0.000 (0)* 0.000 (0)* 1.000* 1.837 (9) 
Table 5.15 `A' site occupancies and bond lengths for Method 1 (*indicates value fixed and not 
refined). 
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The ideal bond length, taken from bond valence calculations, for tetrahedral cobalt 
(II) is 1.9485A. The calculated bond length for the tetrahedral site is much larger than 
this for most of the series until x=0.7 where the bond lengths became similar to that of 
tetrahedral Ge04,1.7480A. 
Octahedral Site (0,0,0) 
`z' Coll AlItI M-O Bond Length (A) 
0.0 0.046 (3) 0.954 (3) 1.9112 (11) 
0.1 0.115 (3) 0.885 (3) 1.9183 (10) 
0.2 0.241 (4) 0.759(4) 1.9198 (13) 
0.3 0.363 (4) 0.637(4) 1.9239 (14) 
0.4 0.479(4) 0.521(4) 1.9318 (17) 
0.5 0.607 (3) 0.393 (3) 1.9471 (13) 
0.7 0.761 (5) 0.239 (5) 2.0265 (31) 
0.9 0.720 (0)* 0.280 (0)* 2.0570 (5) 
1.0 1.000 (0)* 0.000 (0)* 2.0570 (5) 
Table 5.16 `B' site occupancies and bond lengths for Method 1 
(*indicates value fixed and not refined). 
Similarly for the octahedral site, the ideal bond lengths for A106 and CoO6 would be 
1.8765A and 2.0985 respectively. The calculated bond lengths are generally too long 
for the lower `x' values samples in the series and too short at the other end of the 
series. This phenomenon could indicate less than full occupancy on the two sites. 
The large change in bond lengths on both sites and jump in the cell sizes, between 
`x=0.5' and `x=0.7', indicates the loss of solid solution at this point in the series. 
Method 2 
Each sample was refined using constraints that caused the cobalt vacancies on the `A' 
sites to be accounted for by an increase in the cobalt ratio on the `B' sites. Therefore 
an over lost of cobalt from the samples was not accounted for. 
The following tables show the refinement properties and resultant data for the cell 
sizes, site occupancies, site positioning, bond lengths and angles. 
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6 x' Cell size (A) Error wRp x2 
0 8.09983 0.00004 0.0057 1.789 
0.1 8.10961 0.00001 0.0053 1.782 
0.2 8.12560 0.00012 0.0062 2.686 
0.3 8.15025 0.00016 0.0067 3.116 
0.4 8.17774 0.00021 0.0080 3.41 
0.5 8.20060 0.00014 0.0059 2.411 
0.7 8.31319 0.00009 0.0093 5.561 
0.9 8.31679 0.00013 0.0080 5.604 
1 8.31047 0.00008 0.0080 6.032 
Table 5.17 Calculated Cell Sizes and Refinement Parameters for Refinement Method 2. 
The refinement parameters and cell sizes shown in table 5.17 follow a similar trend to 
those calculated usin g method 1. A gradual increase in cell size was generally 
observed throughout the series. 
Tetrahedral site (0.625,0.625,0.625) 
z Coll Gen' 
M-O 
Bond Length ( A) 
0.0 0.921 (4) 0.000 (0)* 1.9453 (27) 
0.1 0.827(6) 0.097(0) 1.950 (4) 
0.2 0.694(6) 0.192(0) 1.941 (5) 
0.3 0.573 (7) 0.286(l) 1.937 (7) 
0.4 0.474(7) 0.381(1) 1.950(9) 
0.5 0.361 (6) 0.472 (1) 1.938(7) 
0.7 0.209(6) 0.672 (2) 1.830 (10) 
0.9 0.100 (0)* 0.900 (0)* 1.798 (12) 
1.0 0.000 (0)* 1.000 (0)* 1.808 (14) 
Table 5.18 'A' site occupancies and bond lengths for Method 2 
(*indicates value fixed and not refined). 
For the tetrahedral site, the bond lengths, would be expected to lie somewhere 
between a maximum of 1.9485A (Co`"-O) and a minimum of 1.7480A (Geteua-O). 
The data in table 5.18 roughly follows this expected trend. A better trend is observed 
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here than for the first refinement method, which gives a greater confidence in the 
second method. Unfortunately the last two sample refinement, x=0.9 and 1.0, could 
not be refined as fully as the rest of the samples using the constraints used throughout 
method 2. 
`z' 
Octahedral Site (0,0,0) 
Coll A11" Bond Length (A) 
0.0 0.026 (1) 0.974 (1) 1.9207 (14) 
0.1 0.123 (2) 0.877(2) 1.9220 (19) 
0.2 0.230 (2) 0.770(2) 1.9320 (27) 
0.3 0.333 (2) 0.667 (2) 1.9430 (35) 
0.4 0.429 (2) 0.571 (2) 1.947 (4) 
0.5 0.528(l) 0.472(l) 1.961(4) 
0.7 0.712(l) 0.288(l) 2.061 (6) 
0.9 0.900 (0)* 0.100 (0)* 2.081(7) 
1.0 1.000 (0)* 0.000 (0)* 2.073 (8) 
Table 5.19 'B' site occupancies and bond lengths for Method 2 
(*indicates value fixed and not refined). 
The octahedral site refinement results are similar to the tetrahedral site results; there 
was a steady increase in bond length for the site which corresponds with the increased 
amount of cobalt. The refined bond lengths lie between that of the ideal bond lengths 
for octahedral A106 and CoO6 that are 1.8980A and 2.0985Ä respectively. 
The bond angles for the octahedral sites are shown in table 5.20 along with the 
oxygen site atomic positions and occupancies. 
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x Octahedral Bond Angles 'O' positions 'O' occupancies 
0.0 96.79 (10) 83.21 (10) 0.23634 (19) 0.974 (1) 
0.1 96.86 (14) 83.14 (14) 0.23619 (26) 0.975 (2) 
0.2 96.40 (20) 83.60 (20) 0.2371 (4) 0.962 (2) 
0.3 96.03 (25) 83.97 (25) 0.2378 (5) 0.953 (2) 
0.4 96.24 (32) 83.76 (32) 0.2374(6) 0.952 (3) 
0.5 95.61 (27) 84.39 (27) 0.2386 (5) 0.944 (2) 
0.7 90.98 (34) 89.02 (34) 0.2479 (7) 0.960 (3) 
0.9 90.1 (4) 89.9 (4) 0.2502 (8) l(0) 
1.0 90.3(5) 89.7(5) 0.2494 (10) 1(0) 
Table 5.20 `B' site bond angles and oxygen site positions and occupancies from refinement 
method 2. (*indicates value fixed and not refined). 
The octahedral bond angles are relatively similar throughout the beginning of the 
series with a sudden change to near perfect octahedral at `x=0.7' which continues 
until the end of the series. 
The plots of the best, x=0.1, and worst, x=1.0 refinement fits are show below in 
figure 5.18 and figure 5.19. 
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Figure 5.18 Graphical representation of the refinement of Coj. jAl,. sGeo. 104, method 2. 
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Figure 5.19 Graphical representation of the refinement of Co2GeO4, method 2. 
The difference line shown in purple underneath the peak position marks shows the 
difference in the quality of the two fits quite clearly. There were too many impurities 
in the Co2GeO4 sample prepared without mineraliser. 
5.3.3.2 Conclusion of the two refinements, method 1 and method 2 
The two different refinement methods gave similar refinement fits and cell sizes 
which would be expected as they are heavily influences by the phase purity of the 
samples and the peak positions which were constant for both methods. The second 
method did however produce bond lengths were closer to the ideal values and 
therefore one can assume that method 2 was more reliable. Table 5.21 shows the 
formulations of the different samples within the series if calculated from the data from 
refinement method 2. This implies that these materials are cobalt deficient in a 
similar way to the pure cobalt aluminate phase and is at odds with the work of 
Hirota. 9 
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`x' Intended Formulation Calculated Formulation 
0.0 CoAI2O4 (Coo. 92i)tetºa(Al1.948Coo. o52)octO3.896 
0.1 Co 1.1 A11. gGeo. 104 (Coo. 827Geo. o97)cetra(Al l. 754Coo. 246)octO3.9o0 
0.2 CO1.2A11.6Geo. 2O4 (Coo. 694Geo. 192)tetra(Al1.54oCoo. 460)octO3.848 
0.3 Co 13A114Geo. 304 (Coo. 573Geo. 286)cema(A1 i. 334CO0.666)octO3.812 
0.4 CO 1.4A112Ge0.4O4 
(C00.474Ge0.381)tetra(A11.142Co0.858)0ctO3.808 
0.5 Co 1.5A11. oGeo. 504 (Coo. 361 Geo. 472)tecra(Alo. 944Co 1.056)octO3.776 
0.7 Co I. 7Alo. 6Geo. 704 (Coo. 2o9Geo. 672)tecra(Alo 576Co i. 424)octO3.84o 
0.9 Col. 9A]o. 2Geo. 904 (Coo. iooGeo. voo)tecra(Alo. 2ooCoi. 800)octO4. ooo* 
1.0 Co2GeO4 (Gel. 000)teva(C02.000)octo4.000* 
Table 5.21 Intended and calculated formulations using refinement method 2. *means not refined 
The general trend throughout the series was an increasing amount of cobalt was 
moving from the intended tetrahedral sites to the octahedral site causing vacancies on 
the tetrahedral sites. The vacancies do not obviously show themselves in the cell 
sizes but this could be masked as octahedral cobalt is larger than octahedral 
aluminium that is effectively replacing. 
5.4 Conclusion 
The overall success of the Col+,, A12.2,, Ge,, O4 spinel series for use as possible pigments 
is still undetermined but, as with many cobalt containing pigments, the migration of 
the cobalt ions within ceramic type materials is not likely to have been solved using 
this structure as a brief test done in the lab on a one off basis showed a lost of colour 
after firing. The versatile cobalt ions seem to be capable of residing on either 
tetrahedral or octahedral sites. 
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From a purely scientific point of view, the formation of a series of samples seems to 
have been relatively successful. The reaction conditions need to be refined further 
before completely phase pure samples could be made but from the results so far it 
does seem that this could be possible. 
The increase in the cell sizes throughout the beginning of the series indicates the 
filling of the spinel sites with the larger cobalt ions in place of the smaller aluminium 
ions and the progressive change of colour throughout the series shows that the 
addition of germanium gradually forces the cobalt off the tetrahedral sites and onto 
the octahedral sites. There was an obvious limit around the mid point of the series 
where the samples being produced no longer contained a solid solution and mixed 
phases started to appear. 
The true limit to the vacancies on the tetrahedral sites is still unknown and further 
work looking into the initial starting formulations would need to be carried out for this 
to be investigated fully. 
Additionally the use of mineralisers was not fully utilised due to the late nature of the 
idea that they could be useful. It is obvious from the PXRD patterns of the Co2GeO4 
samples made with borax that it helped the formation of the spinel structure at lower 
temperatures which reduces the likelihood of the formation of the CoGeO3 impurity. 
Again further work using this method may have led to more coherent results 
throughout the series. 
In conclusion, samples of the cobalt aluminium germanium oxide spinel series - 
Col+XAl2_2xGexO4 are likely to contain cobalt in both tetrahedral and octahedral 
environments. The probability of there being vacancies on the tetrahedral `A' sites is 
high due to the affinity for some of the cobalt ions to migrate to the octahedral `B' 
sites. Germanium ions are likely to reside in tetrahedral environments and aluminium 
ions in octahedral environments. The colour of the samples was dominated by the 
ratio and symmetry of the cobalt ions on the two available sites, bright blue when 
predominately tetrahedral and pink when predominately octahedral with the intensity 
of the colour of the samples being dictated by Laporte's selection rules. Controlling 
the maximum temperature used when producing the spinels would be essential to stop 
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the formation of two separate phases during the reaction and additionally to eliminate 
the formation of other by-products such as CoGeO3. A basic phase diagram of the 
series is shown below in figure 5.20. 
The Co, +, AV2-2xGexO4 series 
`x' = 0.0 to 1.0 
between 1000°C and 1400°C 
T 
Co + 
Ge O4 y. Co2GeO4 
x=0 to 0.5 , 
Co 1 +X-2,, AI2-2XGex-YO4 
x=0 x=1 
CoA12O4 Co, 5. JGeo 5O4 Co2GeO4 
Figure 5.20 Basic phase diagram of the Co, +: A12_2,, GeiO4 spinel series 
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Chapter 6 
Tin Niobates 
6 Tin Niobium Oxysulfides 
6.1 Introduction 
6.1.1 Background 
The demand for red coloured inorganic pigments, which are capable of withstanding 
elevated temperatures and remain stable in acidic and alkaline conditions, has never 
been as high as it is in the present day. Environmentally driven legislation has led to 
the restricted use of compounds containing heavy metals, which are commonly used 
to produce many brightly coloured inorganic pigments. An example of which are the 
cadmium-selenosulfide pigments, which have a colour range of yellow through 
orange to red and are traditionally used in the ceramics industry. The restricted use of 
such pigments is therefore the driving force behind the research described in this 
chapter. 
A survey of the literature rapidly reveals that there are few bright red or yellow 
compounds that do not contain lead, cadmium or mercury. Dull reds and ochres can 
be achieved using natural pigments such as haematite (iron oxide) or goethite (iron 
oxyhydroxide), but even baking these materials produces relatively weak colours. 
Various attempts have been made to produce substitutes for these materials, such as 
the compounds cerium sulfide and lanthanum tantalum oxynitride, but the use of these 
materials is limited due to their air sensitivity. Red and yellow tin niobium oxide 
crystals were recently reported by Cruz et al. as existing with a pyrochlore type 
structure. l'2 These materials were originally prepared in a powdered form by Brise et 
al. as bright orange-yellow mixtures. Although neither of these research groups 
seemed to pay any particular attention to the colouration of the compounds, the brief 
mention combining the words `bright' and `coloured' seemed a good reason to look 
further into the possible use of tin niobates as a starting point for some pigment-type 
research. In addition, Brise et al. examined the robustness of the pyrochlore structure, 
in terms of the options for cationic substitution, for general applications. This again 
opens up other ways of enhancing the pigment-like properties of these already 
coloured compounds. The initial aim of this work was to reproduce the red tin 
niobates crystals, assess their use as inorganic pigments and, where possible, improve 
their colour properties with ionic substitution. 
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6.1.2 The Pyrochlore Structure 
The structure gets its name from the pyrochlore mineral - CaNaNb2O6F, which is 
cubic and has the F3dm (227) space group. 4 The general formula of a pyrochlore can 
be given as A2B2X'6X2 where the 'A' and 'B' are sites occupied by cations and X' 
sites are occupied by anions. The `A' sites are generally the larger of the two cationic 
sites and have an eight coordinate environment whereas the `B' site is a six coordinate 
octahedral site. The X' sites are four coordinate; the six Y's are in tetrahedral type 
environments split equally with both the `A' and `B' sites, where as the X2's are in 
tetrahedral environments only associated with the 'A' site cations (see figure 6.1 and 
figure 6.2). 
I 
`A' site polyhedra 
qqr z 
`B' site polyhedra 
Figure 6.1 `A' and `B' site coordination diagrams 
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6 coordinate `B' site 8 coordinate `A' site 
AA 
COX' 
AB 
A 
A 
Figure 6.2 Both `X' sites in tetrahedral environments with their respective cations 
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Figure 6.3 Expanded cell diagram of the pyrochlore structure based on the CaNaNb2O6F data. 
The above diagram in figure 6.3 shows the 'B' sites as octahedral polyhedra, which 
allows the larger `A' site channels to be shown more clearly. Additionally the X2 ions 
are bonded with the 'A' cations causing a three-dimensional cross-linking affect 
throughout the structure. 
The general lattice positions for a typical pyrochlore are given in table 6.1. 
Ion Position Coordinates 
A 16 d %z, %2, V2. 
B 16c 0,0,0. 
Xl 48f u, 1/8,1/8. 
X2 8b 3/8,3/8,3/8. 
Table 6.1 Pyrochlore cell positions. 
It is possible to have many different combinations of cations and anions on the four 
different pyrochlore sites, as long as the ions compliment each other in terms of size 
and charge. Commonly, for mixed metal oxides, it is possible to have divalent (II) 
and pentavalent (V) cations together or trivalent (III) and tetravalent (IV) cations, 
along with a mix of all four and with the possible substitution of (I) and (V) for (II) 
and (IV). It is also reported that there are several structures with deficiencies on both 
the A' and X2 sites. This is possible when pentavalent `B' cations are replaced with 
tetravalent cations. Several examples of mixed valence metal-oxides, with the 
pyrochlore structure are listed in table 6.2. 
Alonso et al. have studied several different combinations of cations with the 
pyrochlore structure as show in table 6.2.8 Their success in producing compounds 
containing ions with mixed valences on both the Wand `B' sites seems to have been 
possible by using cations with similar ionic radii when in the desired 8fold or 
octahedral coordination environments (see table 6.3). 
178 
Pyrochlore 
`A' site 
(occupancy) 
`B' site 
(occupancy) 
Xl site 
(occ) 
X2 site 
(occ) 
Ca Nb 0 5 
CaO NbV 0-II O-II 
2 2 7 (1.0) (1.0) (1) (1) 
NaCaNb2O6F4 NaI CO NV 
O-II F-I 
(0.5) (0.5) (1) (1) (1) 
Snt sa6 aa)Ob 7b(TaI s6Sno 
Sn" TaV Se oll O-II 
. . . . (0.88) (0.78) (0.22) (1) (1) 
Sn1 59NbI ýSrIO I6063s2 
Sn" Nb" Sn" 011 O-II 
_ , , (0.795) (0.92) (0.08) (1) (0.35) 
7 Pb2(TiSb)06 5 
Pb" TinSb" 0-II 0-II 
. (1.0) (0.5) (0.5) (1) (0.5) 
(CdNd)(TiSb)078 
Cd" Nd1II Ti" Sb" 0-II O-II 
(0.5) (0.5) (0.5) (0.5) (1) (1) 
(CdGd)(TiSb)078 Cd" GdIII Ti"' Sb" O-II O-II (0.5) (0.5) (0.5) (0.5) (1) (1) 
(CdYb)(TiSb)078 
Cd° Ybin Ti" Sb"' O-II O-II 
(0.5) (0.5) (0.5) (0.5) (1) (1) 
s)(TiSb)O7g 5Ndl (Nao 
Nall NdII Ti"' Sb" O-II O-II 
, , (0.25) (0.75) (0.5) (0.5) (1) (1) 
Mn Y 0 9 
Y111 Mn" N 041 041 
2 2 7 (1.0) (1.0) (1) () 
Table 6.2 Examples of mixed metal-oxides with the pyrochlore structure. 
Much work has concentrated on the pyrochlore structure to tune structure-related 
properties such as magnetoresistance by altering the different cations. '0" Less work 
has been carried out on the different anion substitution possible in the structure. 
Natural pyrochlores normally contain a mixture of fluoride, hydroxide and oxide on 
the anion site, but little work has been carried out to produce mixed anion 
pyrochlores. Rosseinsky et al have, however, recently produced a number of different 
pyrochlores with mixed anions, specifically as the hydrides. By treating rare earth 
titanate pyrochlores with sodium hydride it has been possible to reduce the titanates 
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and produce mixed valence titanium pyrochlores with hydride occluded on the anion 
site. 12 
Ion Environment Radius(A) Ion Environment Radius(A) 
III 8-coordinate 1.125 Mn"' 6-coordinate 0.670 
y" 8-coordinate 1.159 Sbv 6-coordinate 0.740 
Gd" 8-coordinate 1.193 Ti ' 6-coordinate 0.745 
CO 8-coordinate 1.240 Nbv 6-coordinate 0.780 
Ndln 8-coordinate 1.249 Tav 6-coordinate 0.780 
Cali 8-coordinate 1.260 Snrv 6-coordinate 0.830 
Na' 8-coordinate 1.320 F' 4-coordinate 1.170 
Pba 8-coordinate 1.430 0-II 4-coordinate 1.240 
Table 6.3 Ionic radii 
6.1.3 Previous Studies in the Sn2Nb2O7 
The tin niobium oxide system is much more complex than is initially apparent. The 
difficulties arise from two sources, disproportionation of the divalent tin and 
formation of oxide vacancies on the second anion site. There are several compounds 
with the pyrochlore structure, or similar structures, containing divalent tin or lead ions 
in 8-coordinate environments, along with pentavalent niobium or tantalum ions that 
behave in a similar manner known in the literature. 
Divalent tin and lead ions are quite different from most of the ions that would 
commonly reside on the `A ' site in the pyrochlore structure. Both are relatively large, 
but more importantly they have a lone pair of electrons that are thought to be 
stereoactive. A stereoactive lone pair causes many problems when refining 
Sn" Nbv2O417 type compounds due to the high symmetry space groups such as F3dm, 
which is commonly used which describing the pyrochlore structure. The steric effect 
of the lone pair alters the arrangement of the 'A' site ions with the coordinated oxygen 
ions when compared with pyrochlores that do not have this lone pair problem. U, 6,7 
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Additionally there are no reports of tin niobates pyrochlore being produced without 
'A' site vacancies. 
Cruz et al. produced the foordite mineral (Sn°Nbv20-116) synthetically and 
investigated its structure. The unit cell is monoclinic and has a lower symmetry space 
group, C2/c, than the pyrochlore. However, there are several structural similarities 
between the foordite and pyrochlore structures; again the niobium is in an octahedral 
environment and the tin is in an 8-coordination environment with the oxide anions, 
but there are no reports of tetravalent tin on the niobium site or vacancies on the 
divalent tin site in the foordite structure. 
Figure 6.1 shows the tin (II) ion site present in the foordite structure, where the eight 
fold coordination can be seen clearly. Comparison of this Sn" site to the analogous 
site in the pyrochlore shows a subtle difference. The symmetric pyrochlore structure 
does not have room to accommodate the lone pair of the tin ion whereas the foordite 
structure is spacious in the vicinity of the Sn II site. 
"a" 
" "` 
tits 
"i At "r 
"ý Mnc pair 
ýl StI 
" 
(1. Mr. 
Figure 6.4 The Foordite Structure and the Sn" site with stereoactive lone pair. 
The lone pair on the Sn" ion is responsible for the longer Sn-02 bond lengths as it acts 
as if it were a bond itself due to the electronegativity of the two electrons. 
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One common outcome of the previous work by Cruz, Brise and Birchall on these 
compounds is a general uncertainty of the source of the SnIV that was repeatedly 
found in the pyrochlore samples. Since only Sn1I had been used as a starting material, 
and the reactions vessels were sealed under vacuum conditions, it was not 
immediately obvious how the tetravalent tin was produced. Suggestions of partial 
oxidation of some of the SnO to Sn02 during the grinding of the starting materials 
seemed to be the general consensus. A possible disproportionation of Sn1O to Sn° 
and Snrv02 was also briefly mentioned, but with no real conviction, and very little 
information on the whereabouts of the tin metal in the resultant compounds. 
A conclusion of the research done so far on the tin niobates with the pyrochlore 
structure would be: 
1. The Nbv/Sn'v `B' site is in a near perfect octahedral environment. 
2. The Sn11 `A' site is coordinated to eight oxygen ions and is the larger of the 
two sites. 
3. The F3dm space group suits the `B' site cations but struggles to accommodate 
the Sn° with its stereoactive lone pair and deficiencies on the typical `A' site. 
4. Red Sn2Nb2O7 pyrochlore crystals were only produced when SnC12 and 
NaNbO3 were used as part of the starting materials, with a simple yellow 
powder obtained from the metal oxide starting materials. 
6.2 Experimental 
6.2.1 Aim 
The initial aim of the experimental work was to reproduce red Sn2Nb2O7 crystals with 
the pyrochlore structure and then investigate the influence that a mineraliser had on 
the colour of the compounds. A secondary aim was to find other ways of changing 
the colour of either of the two tin niobates, pyrochlore and foordite, with the use of 
various doping elements. 
6.2.2 Reaction Conditions 
Tin (II) oxide is black and of no real use as a ceramic pigment, due to its lack of 
thermal stability and colour. Reaction of tin (II) oxide with niobium (V) oxide in 
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various proportions produces two different structures; a pyrochlore and a foordite 
structure. They are both yellow powders when made from tin oxide and niobium 
oxide exclusively. The inclusion of small quantities of dopant elements, similar to 
that of tin, niobium and oxygen, has been shown to alter the colour of the samples. 
To produce either form of the tin niobates, pyrochlore or foordite, the tin must remain 
in a two plus oxidation state. If all of the tin is allowed to oxidise to tin (IV) oxide, 
then the desired reaction will not take place with the niobium (V) oxide. 
There are two basic reaction equations: 
SnO + Nb2O5 -- SnNb2O6 (foordite - structure) 
and 
2SnO + Nb2O5 -> Sn2Nb207 (pyrochlore - structure) 
High reaction temperatures are needed to form both of the tin niobates structures, but 
as SnnO is thermally unstable in an oxygen-rich environment, the synthesis method 
requires the use of an evacuated sealed silica tubes. A final reaction temperature 
between NOT and 1100°C (held for 36 hours) with a slow heating ramp was 
required. 
All of the samples were prepared in a glove-box by grinding the correct 
stoichiometric quantities of the starting materials together, mainly metal oxides, and 
then loading them into silica reaction tubes. The tubes were sealed under a vacuum 
(see chapter 2). Once cooled, the tubes were initially opened in the glove box. As it 
was quickly ascertained that the products were air stable, subsequent samples were 
opened in a fume cupboard. On removing the silica reaction tube from the reacted 
compounds, the resultant powders were often found to be compressed lumps of tightly 
packed powder, therefore it was necessary to grind these lumps into a finer powder 
before PXRD analysis could be performed. Depending on the resultant PXRD 
patterns, the samples were either reheated if the reaction was incomplete or the single- 
phase compound would be noted for its colour or considered for further structural 
analysis. 
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Environment controlled reactions involving fluorine-containing compounds for 
doping or mineralisation were found to be impossible when using silica tubing. The 
fluorine reacted with the silica that eventually led to holes in tube walls, resulting in a 
loss of the desired, oxygen free, vacuum environment and oxidation of the Sn1. 
In trying to find red or non-yellow coloured analogues of Sn2Nb2O7 and SnNb2O6 
various doping elements were used. Sodium chloride was used as a mineraliser 
during some of the reactions. 
6.2.3 Experimental Samples 
Several attempts were made to dope the various sites of the tin niobate pyrochlores 
and foordites with the following ions due to the appropriate size and charge of the 
dopants: 
- Doping in place of tin(II): Sodium(I), calcium(II), copper(II), nickel(II), 
zinc(II) and gadolinium(III) ions. 
- Doping in place of niobium(V): Titanium(IV), antimony(V), tantalum(V) 
and vanadium(V) ions. 
- Doping in place of oxygen(-II): Chlorine(-I), fluorine(-I) and sulfur(-II) 
ions. 
As the dopant ions were chosen based on their charge and ionic radii, any dopant ion 
with a different oxidation state to that of the element it was replacing would lead to 
oxygen site variations in the foordite or pyrochlore structures. Therefore in some of 
these cases a co-dopant was used to balance the changes. For example, gadolinium 
and titanium were both doped in identical quantities, for the same amount of tin and 
niobium, so that they would charge compensate for each other. Equal quantities of 
tin(II) and niobium(V) or gadolinium(III) and titanium(N) have an average oxidation 
state of +3.5, so their charges balance. 
The aim of the doped experimental samples was simply to find compounds that were 
highly coloured and had potential as inorganic pigments, therefore many samples 
were discarded from further analysis on these grounds. 
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The samples that contained sodium chloride as a mineraliser were washed with 
deionised water after firing and dried at 100°C in a box furnace to remove the sodium 
chloride from the samples. 
On removing some of the samples from the reaction tubing, it was apparent that there 
were small shiny silver balls within the sample, mainly located on the surface of the 
tightly packed powder lumps. These dark grey impurities masked the true colour of 
the samples. Using PXD, this dark grey powder was found to be elemental tin that 
probably results from disproportionation of tin (II) oxide into metallic tin and 
tetravalent tin during the reaction. The removal of the tin was essential in assessing 
the true colour of a sample. The tin was removed from the samples by several 
washings with deionised water and concentrated hydrochloric acid. Additionally 
some samples were subjected to a concentrated sodium hydroxide washing. The vivid 
colour of the yellow and orange powders did not seem to be affected by any of the 
washing procedures. This was a positive result in terms of the use of these materials 
as pigments as the samples appear to be relatively stable in both concentrated acidic 
and alkaline conditions. 
6.2.4 Post Reaction Experiments 
The samples were originally formed in sealed tubes due to the air sensitive nature of 
some of the reaction starting materials. Some of the samples were exposed to one of 
three post reaction experiments in an attempt to influence their anion concentrations: 
1. ) Annealing in a 100% oxygen environment at 800°C for 6 hours: This was used in 
an attempt to test the stability of the sample and to remove any oxygen deficiencies. 
The samples were placed in an open alumina boat, and then heated in a tube furnace 
with a constant oxygen flow rate. 
2. ) Annealing under hydrogen gas at 800°C for 6 hours: This was used to test a 
samples resistance to a reducing environment. 
3. ) Annealing under 5% hydrogen sulfide / hydrogen gas mix at 400°C for 6 hours: 
This provided a sulfurous reducing environment and was used to try and improve the 
sulfur concentrations in the samples. 
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6.2.5 Sample Analysis Techniques 
All of the samples were analysed using PXRD to gauge the completeness of the 
reaction by looking for a single-phase pattern. Similarly, the colour of all the samples 
was noted with very few being sent away for colour analysis. 
Thermal, acid and alkali stability tests, neutron diffraction, tin Mössbauer and solid 
state NMR experiments were performed on a selection of samples with markedly 
different colours. 
6.3 Results and Discussions 
6.3.1 Standard SnNb2O6 and Sn2Nb2OT 
These standard tin niobates with the foordite (SnNb2O6) and pyrochlore (Sn2Nb2O7) 
structures have been synthesised previously. ''3 Previous work in this area has 
generated a variety of compounds with various colours from yellow through to red for 
very similar formulations. One particularly interesting result of a bright red sample 
was achieved when sodium chloride was used as a mineraliser/fluxing agent. ' These 
differences in colour suggest that a variety of different stoichiometries are produced 
using similar reaction conditions. This first section attempts to analyse the difference 
in the phases produced. 
63.1.1 Brief description of Standard Samples 
The following experimental formulations were attempted and are shown below in 
table 6.4 along with notes on samples colour and reaction completeness determined 
by PXRD analysis. The samples are labelled with a letter from A to M. 
Ratio of Intended Reaction Completeness/ Let Starting Formulation Colour pXRD notes Materials 
No starting materials remain. 
A SnO, Nb2O5. SnNb206 Yellow Reaction complete. Foordite (900°C) 
phase formed 
No starting materials remain. 
B 2SnO, Nb2O5- Sn2Nb2O7 Yellow Reaction complete. Pyrochlore (900 C) 
phase formed 
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SnO, SnC12, No starting materials remain, 
C 2NaNbO3. Sn2Nb2O7 + NaCl Yellow other than NaCl. Reaction 
(900°C) complete. Pyrochlore phase 
formed 
SnO, SnCIZ, No starting materials remain, 
D 2NaNbO3. Sn2Nb2O7 + NaCl other than NaCl. Reaction Orange 
(1100°C) complete. Pyrochlore phase formed 
2Sn0 'O'' 
No starting materials remain, 
E 1 ( SnZNb2Oý + NaCl other than NaCl. Reaction Orange 
1000 °C) complete. Pyrochlore phase formed 
SnO, Nb2O5, No starting materials remain, 
F (NaCI). SnNbi06 + NaCI Yellow other than NaCl. Reaction 
(1000°C) complete. Foordite phase formed 
1.79SnO, 
0.16SnO2 No starting materials remain. G , 0.92Nb2O5. Sn,, 79NbI, MSno. 16O6.35 
Yellow Reaction complete. Pyrochlore 
(1100°C) and foordite phases formed 
1.79SnO, 
0.16SnO2, No starting materials remain. 
H 0.92Nb2Os, + + NaCl NaCI Orange ge Reaction complete. Pyrochlore (NaCI). phase formed 
(1100°C) 
I. 8SnO, No starting materials remain. 
Nb2O5. Sn1. &Nb2O6.8 Yellow Reaction complete. Pyrochlore 
(1000°C) phase formed 
1.7SnO, No starting materials remain. 
J Nb205. Sn17Nb2O6.7 Yellow Reaction complete. Pyrochlore 
(1000°C) phase formed 
1.6SnO, No starting materials remain. 
K Nb2O5. SnI. 6Nb2O6.6 Yellow Reaction complete. Pyrochlore 
(1000°C) and foordite phases formed 
I. 4SnO, No starting materials remain. 
L Nb205. Sn1.4Nb2O6.4 Yellow Reaction complete. Pyrochlore 
(1000°C) and foordite phases formed 
Nb2O5 , (NaCl). No starting materials remain. x= 
(1000 -C) SnZ. xNb206, g + NaCl Orange 
0.2,0.3 pyrochlore phases M (1000 formed. 0.4,0.6 both phases x=0.2,0.3,0.4, 
0.6 formed. 
Table 6.4 Standard Foordite and Pyrochlore formulations attempted 
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Unfortunately the desired red crystals that were reported by Cruz et al. were not 
reproduced by any of the experimental formulations even though a single-phase 
pyrochlore structure was formed, 'C' and 'D' see figure 6.5. 
SnCI2, SnO and NaNbO3 reacted in sealed tubes at 9000 & 11000 
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Figure 6.5 PXRD pattern of samples `C' and `D'. 
A change in colour from yellow to orange was observed when the reaction 
temperature was increased from 900°C to 1100°C, but attempts to increase the 
reaction temperature to 1300°C were unsuccessful. At the higher temperature, a 
reaction between the silica tubing and the sample reagents caused the tube to fail. The 
inclusion of sodium chloride with most of the mineralised pyrochlores did however 
produce orange powders providing the reaction temperature was above 900°C. The 
foordite samples were not affected in the same way, remaining yellow in colour with 
or without the inclusion of sodium chloride in the reaction tube. The tin oxide 
deficient pyrochlore samples. `I' to 'L', showed that there is a limit to how low the 
Nb: Sn ratio can go before the pyrochlore structure is no longer formed as a single 
phase. The PXRD patterns of sample 'A' and 'B' are shown in figure 6.6 and Figure 
6.7 to illustrate that both the standard foordite and pyrochiore structures can be 
synthesised without the presence of sodium chloride. 
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Figure 6.8 shows a zoom of the sample 'B's pattern which clearly illustrates the 
presence of tin metal within the sample. The two red stick marks represent the peak 
position of elemental tin as taken from the JCPDS files. 
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Figure 6.6 PXRD pattern of the sample `A' showing the foordite structure was formed. 
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Figure 6.7 PXRD pattern of the sample `B' showing the pyrochlore structure was formed. 
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Figure 6.8 Zoom of stand pyrochlore Sn2? Nb20, showing elemental tin peals. 
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Zoom on tin metal for Sn2Nb2O7 Std 
6.3.1.2 Post Reaction Experiments on some of the Standard Samples 
The post reaction experiments, as described above in the chapter experimental 
section, were performed on the standard parent samples `A' and `B' and were 
analysed using PXRD. Brief descriptions of the results are shown below in table 6.5. 
Sample Post Reaction Colour PXRD notes 
No change in A- SnNb2O6 1-1000/002 Yellow pattern, foordite 
structure still present. 
A- SnNbz06 2- 100% H2 Yellow-darker No change in pattern, foordite 
structure still present. 
a No change in pattern, foordite A- SnNb2O6 3- 5 /o H2S/H2 mix Yellow-darker structure still present. 
B- Sn2Nb2O7 1-100% 02 Green P'rochlore structure still present. Sn02 peaks present 
B- Sn2Nb2O7 2- 100% HZ Black 
Mix of pyrochlore and foordite tin 
niobates, Sn and NbO2 
B- Sn2Nb2Or 3- 5% H2S/H2 mix Black/green 
Hochlore structure still present. 
SnS peaks present 
Table 6.5 Post reactions on the standard foordite and pyrochlore tin niobates. 
The main outcome of the post reaction experiments was the notable stability of the tin 
niobates with the foordite structure in both oxidising and reducing environments. 
There was minor change in colour when the samples were returned to room 
temperature, but in general the samples remained stable. A similar comment cannot 
be made about the pyrochlore samples, illustrated in figure 6.9, which appear very 
sensitive to the environment at high temperature. 
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Figure 6.9 PXRD pattern of hydrogen reduced Sn2Nb2O7 sample. The tick marks denote tin metal 
(blue), foordite (red+ and niobium" oxide (green ). 
The remarkable stability of the SnNb2O6 (foordite) samples resulted in two extra 
experimental procedures being carried out on the sample. The first was a simple 
thermal colour test. The sample was heated, in a box furnace for about 10 minutes to 
800°C, in an open boat and then removed from the furnace still at an elevated 
temperature. The colour of the sample was initially red then gradually changed 
orange and finally returned to its original yellow colour. A similar colour change was 
observed for the pyrochlore, but lower temperatures were used. 
A PXRD furnace experiment was used to observe any structure changes that could be 
linked with the colour change by heating in stages to 800°C. Powder diffraction 
patterns were collected in 100°C intervals for a period of 40 minutes. The resultant 
PXRD patterns are shown in figure 6.10. 
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to room temperature, bottom (black). 
There was no change in the structure of the sample other than a slight increase in cell 
size, which was noticeable by a shift to lower 20 values with increasing temperature. 
This would be expected due to thermal expansion of the lattice with the increasing 
temperature. A similar colour change occurs in zinc oxide, from white to yellow 
when its temperature is increased. Loss of oxygen from the surface of the compound 
leaves behind a non-stoichiometric system, Zni+,, O where x is very small 210-5, which 
causes Zn+ or Zn° ions to migrate from the surface to interstitial positions throughout 
the lattice. Electron transfer between the zinc ions is then possible with the energy 
transitions occurring in the visible region of the spectrum. 13 Although the cause of the 
colour change was not investigated further, it did indicate that the colour of both the 
pyrochlore and foordite tin niobate samples could possibly be shifted from yellow to 
red. It was therefore conjectured that it was just a matter of doping the structure 
slightly in order to obtain the red colour at room temperature. 
The refinement and further structure analysis of the Sn2Nb2O7 pyrochlore is discussed 
as part of the Sn2Nb2O7_XSx oxysulfide series along with a discussion about the 
formation of elemental tin as a by-product of the pyrochlore reaction. 
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Figure 6.10 SnNb2O6 foordite PXRD furnace experiment Highest temperature (800°C) top (yellow) 
6.3.2 Doping of SnNb2O6 and Sn2Nb2O7 
Experimental samples were produced to evaluate the effect that ionic doping on the 
colour of the tin niobate samples. A brief description of the experimental 
formulations that were attempted is shown in table 6.6 for the foordite structure and 
table 6.7 for those with the pyrochlore structure. 
Let 
Ratio of 
Starting 
Materials 
Intended 
Formulation Colour 
Reaction Completeness/ 
pXRD notes 
x/2Na2O 
No starting materials remain. 
AA , I-xSnO Sn1_,, Na=Nb2O6., n Yellow Reaction complete. Foordite , 
ZOS 
x=0.1 +02 phase formed along with a 
sodium niobate phase. 
0.1 CaO No starting materials remain. 
AB , 09SnO Snl_, Ca, Nb2O6 
Bright Reaction complete. Foordite 
, MZOO, x=0.1 yellow phase formed along with a 
calcium niobate phase. 
0.1 ZnO No starting materials remain. 
AC , 09SnO Sn1, Zn. 
Nb2O6 Bright Reaction complete. Foordite 
, COs' x=0.1 yellow phase formed along with a 
zinc niobate phase. 
SnO, S . I. jxO6-xn TiO2 phase apparent alone AD xTiO2, x 1+ 02 x=0 
Dirty yellow with both the foordite and 
1-x/2Nb2O5. . pyrochlore tin niobate phases. 
SnO, S_ V, O6 SnO2 phase apparent but AE x/2V205, = , x=0.05,0.1,0.2 
Light Brown foordite is only other phase 
1-xt2Nb2O5. present. 
SnO, 
x/2V20s 
SnNb2_=VVO6 Yellow- Sn02 phase apparent but AF , I-xl2Nb2O5. + 
NaCI brown foordite is only other phase 
(NaCI). x 
0.05,0.1,0.2 = present other than NaCl. 
1-xSnO, 
AG xSnS 
SnNb2O6icS= Dirty yellow 
COs phase apparent along 
, Nb2O5 x=0.1 + 
03 with a typical foordite phase. 
AH SnO, SnTa2O6 Beige SnTa206 type phase formed. Ta2Os. 
SnO, Slight SnTa O Al Ta205. SnTa2O6 + NaCI yellow- z6 
type phase formed, 
plus NaCI phase. (NaCl). beige 
Table 6.6 Doped Foordite samples 
Doping of the tin site in the foordite tin niobates was on the whole unsuccessful in 
terms of producing red coloured samples. There was no sign that any doping of the 
tin" site had taken place. The PXRD patterns indicated that the prospective dopant 
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ions form individual niobate compounds rather than form a single phase with the tin 
and niobium oxides. 
Replacing some, or all, of the niobium with other cations was more successful as both 
vanadium and tantalum were successfully incorporated into the foordite structure. 
The presence of Sn02 in samples `AE' and `AF' suggests that the vanadium may 
have oxidised some of the tin, which in turn would leave the vanadium in a more 
reduced state which could then fit on the tin site. The colour of both of the samples 
was not suitable for use as a pigment and these samples were not pursued further. 
This was also the case for tantalum-doped samples. The sulfur doped sample `AG', 
even though it formed a foordite type structure, still had un-reacted niobium oxide 
present which suggests that there was not enough available tin" in the reaction tube. 
Although no tin sulfide peaks were present in the PXRD pattern it is possible that at 
such a low level it would not be detected in the PXRD pattern 
Ratio of Intended Reaction Completeness/ 
Let Starting Formulation Colour PXRD notes Materials 
SNaZO, . BA 
Sn2_, ýNaý O, _. a 
Dark orange 
ý0ehlore phase formed 
along with a sodium niobate I 9Sn0 ., Nb2O5. X=0.1 
/yellow 
phase. 
1.9SnO, O. 1CuO Sn2. xCuxNb207 
Dark yellow Individual Cu2Nb2O7 and 
BB , COs X=0.1 
(slight Sn2Nb2O7 pyrochlore phases 
orange) formed 
BC O. 1NiO, 1.9SnO, Sn2. iNV4b2O7 
Yellow 
(slightly 
Individual Ni2Nb2O7 and 
Sn2Nb2O7 pyrochlore phases COs x=0.1 orange) formed 
0.07Gd2O3, 
I. 86SnO Sn2.1Gd. Nb2.1, Ti=Ol 
Yellow Pyrochlore phase formed 
BD , 0.14Ti02 x=0.14 
(slightly along with a gadolinium 
, 0.93Nb203. orange) niobate phase. 
0.05Na20,1.8SnO, Na=Sn2. uGd. Nb207 
Yellow, Pyrochlore phase formed 
BE 0.05Gd2O3 
X=0.1 similar 
to along with a gadolinium 
COs Standard niobate phase. 
BF 2SnO, Sb205, 
Sn2Nb2.1Sb=O7 Dark yellow pyrochlore phase formed. Nb2O5. x=0.1 / orange 
2SnO, Sb2Os, Sn2Nb2. =Sb,, O7 Pyrochlore phase formed, BG Nb2O5- + NaCl x=0.1 
Orange 
NaCl phase also present (NaCI). 
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BH 2SnO, 0.05Ta2O5, Sn2Nb2_1TaxOi Dark yellow pyrochlore phase formed. 0.95Nb2O3. x=0.1 / orange 
2SnO, 0.05Ta2O5, Sn2Nb2. =Ta, O Pyrochlore phase formed, BI 0.95Nb2O3. + NaCl Orange NaCI phase also present (NaCI). x=0.1 
BJ 2SnO, xI2V2O5, Sn2Nb2_=V=O7 Purple / pyrochlore phase formed. I-x/2Nb2O5. x=0.05,0.1,0.2 brown 
2SnO, x/2V203, Sn2Nb2.1VVO7 Pyrochlore phase formed, BK 1-x/2Nb2O5. + NaCI Brown NaCI phase also present (NaCI). x=0.05,0.1,02 
BL 2-xSnO, xSnS, Sn2Nb2O7_,, S. orange/red Pyrochlore phase formed. Nb20s. x=0.05,0.1 
1.9SnO, xSnS, Sn2Nb2O7.,, S. Pyrochlore phase formed, BM Nb2O5- + NaCI Dark orange NaCI phase also present (NaCI). X=0.1 
Tan BN 2SnO, Ta205. Sn2Ta2O7 
co owed 
Hochlore phase formed. 
BO 2SnO, Ta205. Sn2Ta2O7 + NaCI 
Darker tan Pyrochlore phase formed, 
(NaCI). coloured NaCI phase also present. 
Table 6.7 Doped Pyrochlore samples 
Doping the tin niobate pyrochlore structure initially followed a similar trend to that of 
the analogous foordites; in that doping or substitution of the tine site seemed unlikely 
as two different niobate phases were always formed. Similarly doping of the niobium 
site had the same sort of results. The main colour change from niobium substitution 
came from the vanadium doping in sample `BJ' and 'BK', being purple/brown and 
brown respectively. As was the case with the standard tin niobate pyrochlore, the 
presence of sodium chloride caused a change in the final colour of the powders. 
Neither of the samples was particularly striking in colour, so no time was devoted to 
analysing their structures further. Throughout the doping experiments, the addition of 
sodium chloride did change the colour of the samples from yellow powders to orange 
powders by its inclusion within the reaction mixture. 
The most successful doping experiments involved the replacement of small quantities 
of tine' oxide with equal amounts of tins' sulfide. Samples `BL' and `BM' produced 
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orange and red-orange powders even without the presence of any sodium chloride 
mineralising agent. The increased sulfur concentration definitely seemed to be linked 
with a reddening of the colour of the samples. This methodology appeared to be more 
successful than the annealing experiments in producing a consistent colour. 
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Figure 6.11 PXRD pattern of sulphur doped tin niobate pyrochlore. 
The PXRD pattern, shown in figure 6.11, illustrates the formation of a near perfect 
single phase compound, with the pyrochlore structure, along with the now 
characteristic tin metal peaks. Acid washing of the samples had no effect on the 
colour of structure of the samples other than to remove the tin metal. This behaviour 
is uncharacteristic of normal sulfides, which tend to be very sensitive to acidic 
environments. A series of sulfur-doped samples was subsequently synthesised to 
investigate the change in colour with sulfur content. 
6.3.3 Tin Niobium Oxysulfides, Sn2Nb2O7_XSX 
The tin niobium oxy-sulfide series was formed in the same way as all of the other 
experimental samples and based on the following formulation equation: 
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1000°C 
(2 - x)SnO + xSnS + Nb2O5 --_> Sn2Nb2O, _xSx 36hours 
The value of `x' was varied between 0 and 1. Table 6.8 lists the samples that were 
made, their colours and brief PXRD pattern results. 
6XI Formu 
de 
ön Colour 
PXRD notes t 
0 Sn2Nb2O7 Yellow Pyrochlore phase. 
0.05 Sn2Nb2O6.95SO. 05 Orange Pyrochlore phase 
0.1 Sn2Nb2O6.9SO. 1 Orange Pyrochlore phase. 
0.2 Sn2Nb2O6.8SO. 2 Orange/red Pyrochlore phase 
0.3 Sn2Nb2O6.7SO3 Orange/red Pyrochlore phase 
0.4 Sn2Nb2O6.6SO. 4 Red Pyrochlore phase. 
0.5 Sn2Nb2O6.5S0.5 Red Pyrochlore phase. 
0.6 Sn2Nb2O6.4S0.6 Red Pyrochlore phase 
0.7 Sn2Nb2O6.3S0 7 Crimson red Pyrochlore phase. 
0.8 Sn2Nb2O6.2S0.8 Red/yellow mix Foordite and pyrochlore phases. 
0.9 Sn2Nb206.1 S0.9 Dirty yellow Foordite and pyrochlore phases 
1.0 Sn2Nb2O6S Dirty yellow Foordite and pyrochlore phases 
Table 6.8 Standard Tin Niobium Oxy-sulphide Experimental Samples 
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From looking at the brief results of the sulfur doping experiments, it is possible to see 
that there is a limit to the amount of SnO that can be replaced by SnS if a tin niobate 
pyrochlore is to be formed as a single phase. A limit near to `x=0.7' seems to be the 
maximum. The overall colour change throughout the series up to the maximum sulfur 
doping point was gradual, indicating that the sulfur was becoming incorporated into 
the pyrochlore type structure. Elemental analysis using EDX suggests that after 
washing the maximum sulfur content is around 0.3 sulfur atoms per unit cell, however 
the higher levels of SnS clearly have an effect on the oxidation state of the tin ions 
(Mossbauer results) and it is possible that this is the overriding factor in fixing the 
colour of the samples. 
Additionally a few sulfur doped samples were prepared with stoichiometrically less 
tin oxide (to attempt to allow for tin vacancies) and some of the above values of `x' 
were repeated with a sodium chloride mineraliser. Due to the success of the sulfur 
doping experiments, selenium and tellurium doping experiments were also attempted, 
and finally a mix sulphur-selenium experiment was also prepared. Brief descriptions 
of these results are shown in table 6.9. 
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Intended Colour PXRD notes Formulation 
Sn2Nb2O6.9So. 1 
+NaCI 
Sn2Nb2O6.9SO. 3 
+NaCI 
Dark orange Pyrochlore phase, NaCl present. 
Dark red orange Pyrochlore phase, NaCl present. 
Sn2Nb2O6.3So. 7 Dark red Pyrochlore phase, NaCl present. +NaCI 
--------------------------------------------------------------------------------------------------------------- 
Sn1.8Nb2O6.6Sos Orange-red Pyrochlore phase. 
Sn1ANb206.6SOI More orange-red Pyrochlore phase, NaCl present. +NaCI 
Snl. gNb206.4SOA red Pyrochlore phase. 
Sn146Nb2O6.4S0.6 Dirty yellow Foordite phase. 
Sn166Nb2O6.4So. 6 Dark red 
Pyrochlore phase, possibly small amount 
+NaCI of foordite phase also. 
Sn2Nb206.6SeO. 4 Red 
Pyrochlore phase, possibly small amount 
of SnSe phase also. 
Pyrochlore phase, small amount of SnTe Sn2Nb2O6.6Teo. a Orange phase also. 
Sn2Nb206.5Seo. 2So. 3 Dark red Pyrochlore phase. 
Table 6.9 Mineralised, tin deficient, sulphur, selenium and tellurium doped tin niobates 
The inclusion of sodium chloride seems to have caused a darkening of the sulfur 
doped samples in a similar way to the standard samples. It did however seemingly aid 
the formation of a pyrochlore type structure rather than a foordite type structure for 
the Snl. 6Nb206.4S0.6 sample, the PXRD pattern for these two samples are shown in 
figure 6.12. 
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Figure 6.12 Upper pattern is of Snj. 6Nb2O&4SQ6 without NaCI, lower is with NaCl. 
Tin metal was present in the majority of the samples, therefore suggesting that 
disproportion of Sn"O is occurring. This also means that there is likely to be SnIV 
present within the pyrochlore structure as there was no sign of any free Sn02 in the 
PXRD patterns. 
Selenium appears to have a similar, but more pronounced, effect to sulfur on the 
colour of the samples. It is difficult to tell if any of the tellurium was incorporated 
into the samples as some residual SnTe was present in the PXD pattern. 
6.3.3.1 Sn19-Mossbauer Analysis Results 
Ten samples of varying colours and stoichiometries were sent for Mossbauer analysis 
and their tin content was analysed. The technique showed that tin was present in two 
valence states; Sn" and Sn'v. The Mossbauer spectrum for the standard tin niobate 
pyrochlore is shown in figure 6.13. The peaks corresponding to the Sn" are split and 
are also uneven in height, which indicates that there is more than one type of Sn" site. 
The Mossbauer data that follows was based on a three Sn component fit; Sn°(1), 
Sn"(2) and Sn'v. The overall ratio of total Sn°: Sn1v is confident to -1%, but the ratio 
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between the two Sn" sites can not be considered to be so accurate. An example of this 
inaccuracy is shown within the results, table 6.10, where the foordite data is analysed 
by using two different fits. 
Recreation of Sn2Nb2O7 Mossbauer Spectrum 
0.0 
0.5 
Single peak due to Sn""in 
e symmetrical octahedral a 1.0 environment 
0 
< 1.5- 
(V Split and shifted peaks due 
to two types of Sn11 in 
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environments 
a, 
2.5 
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Figure 6.13 Recreation of the Sn2Nb2O7 Mossbauer Spectrum. 
Samples 
Sn Site 
I. S. Q. S. (%) 
Sn 
I. S. 
(1) Site 
Q. S. (%) 
Sn 
I. S. 
(1) Site 
Q. S. (%) 
Total 
Sow ö"u 
SnNb2O6 0.16 0.32 
------- 
0.4 
------- 
3.62 
--------- 
1.37 
------- 
49.6 
-------- 
3.40 
--------- 
1.39 
------- 
50.0 0.4 99.6 
-------------------- 
SnNb2O6 * 
------- 
0.16 
- 
0.32 0.4 3.54 1.38 88.7 3.28 1.40 
-------- 
10.9 
---------- 
0.4 
--------- 
99.6 
-------------------- Sn2Nb2O7-=S, ------- 0.25 
-------- 
0.37 
------- 
2.3 
--------- 
3.55 
------ 
1.21 
--------- 
25.6 
--------- 
3.48 
------- 
1.82 
-------- 
72.1 
---------- 
2.3 
--------- 
97.7 
xß. 7 + NaCI 
Sn2Nb2O7-1S= 
0.13 0.30 4.3 3.62 1.62 56.0 3.37 1.72 39.7 4.3 95.7 
x=0.7 
Snl. gNb2O6.3-=S1 0.19 0.32 4.9 3.61 1.73 48.9 3.36 1.85 46.2 4.9 95.1 
xß. 2 + NaCI 
Sn2Nb2O7-=S= 
0.17 0.33 5.1 3.63 1.66 40.0 3.40 1.78 54.9 5.1 94.9 
x=0.6 
Sn2Nb2O7-=S= 
0.16 0.21 7.5 3.64 1.64 42.1 3.37 1.76 50.4 7.5 92.5 
x=0.5 
Snl. gNb206,5-1S, 0.19 0.31 8.7 3.64 1.69 39.1 3.37 1.82 52.2 8.7 91.3 
xß. 2 
Sn2Nb2O7-IS= 0.18 0.35 12.6 3.62 1.69 36.7 3.38 1.82 50.7 12.6 87.4 
x=O. I 
Sn2Nb2O7 0.16 0.31 13.0 3.69 1.70 18.3 3.41 1.89 68.7 13.0 87.0 
Sn2Nb2O7 
0.15 0.40 20.0 3.71 1.71 23.5 3.39 1.89 56.5 20.0 80.0 
+ NaCl 
Table 6.10 Snt19 Mossbauer Data (*indicates different fit used for same data). 
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The identification of two divalent tin environments creates an issue with the actual 
pyrochlore structure itself. The structure has only two different cation sites and not 
three. This may suggest that there was a mixture of two pyrochlore phases with 
slightly different stoichiometries present in the mixture. It is also probable that the tin 
ions were slightly displaced from the typical pyrochlore sites resulting in an average 
of two sites being observed. This occurrence was not directly related to the 
introduction of sulfur as the parent oxide also shows two sites. As will be discussed 
in the colour section, it is noteworthy that even the darkest coloured materials yellow 
significantly when ground down. This may suggest that the outside of the particle is 
darker in colour than the inside and that each particle may consist of two phases. 
As the relative percentages of the divalent Sn" sites are not reliable, they are not used 
empirically to calculate possible quantities. The more relevant and reliable 
information that was taken from these data was the total percentages of the two 
different types of tin species, Sn" and Sn". From the ratio data a new probable 
formulation for each sample could be calculated using the following assumptions: 
a) Any Snn' within a sample would have produced an equal amount of Sn° in 
accordance with the disproportionation of Sn": 
(2 - 2a)Sn2+ -+ aSn4+ + aSn° 
b) The pyrochlore `B' site are fully occupied with a combination of Sn1' and 
Nbv. 
All the sulfur added fully reacted with the rest of the starting materials and 
was incorporated within the pyrochlore structure on the 'X2' site. 
The new formulations generated with the use of the assumptions and calculations are 
shown in table 6.11. 
According to the calculated formulations the general trend of the series was a 
decrease in the amount of Snr" with increasing sulfur concentration which was also 
combined with a reddening of the samples. 
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It is important to note that the new formulations are based purely on calculations 
based on the Sn': Sn11 ratios collected during the Mossbauer analysis. 
Intended Formulations Calculated Formulations 
SnNb2O6 Snllo. 99Nbvi. 996SnNO. oo4O_II5.988 
Sn2Nb2O7 
Sn111.143Nbv1.714Sn '0.2860-116.000 
+ NaCl 
Sn2Nb2O7 SnII1.381 Vi. 794Sn'V0.206O_II6.278 
Sn2Nb207_xSx Sn111.396, V1.799Sn vo. 2010-II6.206S'IIO. 090 
x=0.1 
Sn1.8Nb2O6.8-xSx 
Sn111.410 b"1.866Sn1VO. 
1340-116.1575-110.187 
x=0.2 
Snl. 8Nb206.8-xSx Snl, 1.566NbVI. 919Sn"0.081O-II6.334S-II0.192 
x=0.2 + NaCl 
Sn2Nb207-xSx 
Sn111.609NbV 1.870SnhV0.130o'II6.076s_II0.467 
X--0.5 
Sn2Nb207-xSx Snuh1.722Ivi. 907SnIV 0.09307116.104S-11 0.572 
x=0.6 
Sn2Nb2O7-xSx 
Sn11 1.762NbV 1.921 Sn1V0.0790116.051 S-II0.672 
x=0.7 
Sn2Nb207-xSx 
Sn111.868 V1.956Snlv0.0440-II6.16, S-"0.685 
x=0.7 + NaCl 
Table 6.11 Formulations calculated based on the Mossbauer Results 
Stewart et al. also carried out a similar Mossbauer study on tin niobates and tantalates 
with the pyrochlore structure. 14 Their results were similar but concern was expressed 
on the validity of their Sn'v: Sn" ratios when the experiments were performed at room 
temperature. This concern was due to the non-equivalent sites that the two tin species 
lie on. Different environments leads to unequal recoil-free fraction thus unless the 
data could be extrapolated to zero Kelvin then the population ratios of the two species 
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could be incorrect. Similar analyses should therefore be performed on the oxysulfide 
series. 
6.3.3.2 Solid State Nb93 NMR Results 
Three of the tin niobate samples were analysed using the solid state NMR to focus on 
the environment of the niobium: 
1) SnNb2O6 
2) Sn2Nb2Oi 
3) Sni. 8Nb2O6.6So. 2 
OnmD206 
Omto All a" P003 
Probe 4 eos 
Ffle detef9/sde2äAulOH0l 
Pulse sequence wpoler 
Date Jul 23 2003 
Probe 4 me 
File dwt&IIk/vd&2%JuIO302 
Pulse ssqu. nes  polsr 
S1, . 9lß b2O6.690 .e 
Ost. Jul 23 2003 
Prob. 4m 
File aatai9/fga29.. Ju10303 
pulse faqusnc"  pOlar 
Observe Nb93 
Frequency 73.313 MHz 
Spectral width 1000.0 kHz 
Acquisition tim e. 0 as 
P CYCle 0.7 Dec 
Mo. reDatitlons d700 
Direct Po1. diu. tion 
ou1,. angle 22.7 d. Orf. f 
Mo d. coupling 
spin-rots 113000 142 
Observe ºO93 
Frequency 73.333 MHz 
Bpectr. l w1atn 1000.0 tHi 
Acquisition tie 5.0 we 
Recycle 0.5 arc 
No. repatition" 4500 
Direct polsrfsatfon 
Pulse angle 22. B degrees 
No OstDuplfng 
spin-rote 15000 MR 
Observe N o93 
Frequency 73.313 MHz 
Spectral width 1000.0 kHz 
ACpufeitl0n tim 5.0 M 
Recycle 0.5 use 
No. repetitions 2300 
Direct polartuutlon 
Pulse angle 22.5 degrees 
Mo d. couplinq 
901n-rst" 15000 H2 
Yaussian brba0sntng 0.001 sac Saussian broadsninp 0.001 sat Bausatan broadening 0.001  sc 
IT "tt" Se304 FT Stil 1530 FT size 163134 
Ambient t.. paratura Ambient temperature Ambient tomoopatur  
MONO. 
Z. .6i. ý---.; 
Figure 6.14 Solid state NO NMR results 
These data show that the niobium is in a symmetric environment in both of the 
pyrochlore samples, but not in the foordite structure. This is expected and would be 
the case if the niobium was in an octahedral environment in the pyrochlore structure. 
The non-symmetrical niobium in the SnNb2O6 sample was also expected and agrees 
with previously published reports on the foordite structure. The significant shift in the 
MASNMR spectrum between the sulfur-doped and parent material indicates a change 
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387.967 
367.986 A 
in the environment as expected when some of the oxide is replaced by sulfide (softer 
base). 
6.3.3.3 Scanning Electron Microscope 
Six samples were analysed using the SEM technique. The technique gave rough 
elemental analysis and pictures of the sample particles that allowed the particle size 
and stoichiometry to be investigated. Some caution must be placed on the results of 
the EDX analysis as it was performed on an area analysis of a flat plate sample. This 
procedure is potentially difficult as the variation in height of the particles can cause 
errors in the data. 
The elemental analysis gave the following results shown in table 6.12. 
SEM Ratios 
Samples Nb Sn S 
SnNb2O6 98.82 50.59 
Sn2Nb2O7 73.74 63.13 
Sn2Nb207 72.86 63.57 
+ NaCI 
Sn1.8Nb206.6S07 66.50 53.55 13.20 
Sn2Nb2O6.4SO. 6 66.70 53.90 12.75 
Sn2Nb2O6.4S0.6 68.86 54.54 11.03 
+ NaC1 
Table 6.12 SEM ratios and calculations 
Conversion of these results into formulae produces a value of ca 0.3 for all of the 
sulfur doped samples. This implies that there is limit to the amount of sulfur which 
can be doped into the structure, however the presence of the softer base appears to 
keep more of the tin in the divalent state (as can be seen from the Mossbauer results) 
Pictures of the particles were taken using the SEM and are shown below in figure 6.15 
to figure 6.20. 
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Figure 6.15 SEM picture of the'SnNb2O6' Sample 
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Figure 6.16 SEM picture of the'Sn2Nb2O, ' Sample 
' 1W-4 
po« 
208 
pl*I _"' 
I'l 
Figure 6.17 SEM picture of the'Sn2Nb2O7 + NaCl' Sample 
Figure 6.18 SEM picture of the 
'Snl. 
&Nb2O6.6SO. 2' Sample 
r 
.. ^, 
' 
ý-` 
Y Z! 
ýý, 
7 
Figure 6.19 SEM picture of the `Sn2Nb2O6.4S0.6' Sample 
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Figure 6.20 SEM picture of the `Sn2Nb2O6.4S0.6 + NaCl' Sample 
An average of 10 particles sizes was taken from the sample pictures, table 6.12 shows 
the results: 
Part Sn2Nb2O7 Sn1.8Nb2 Sn2Nb2 Sn2Nb2 
-icle 
SnNb2O6 Sn2Nb2O7 
+NaC1 06.6S0.2 06.4So. 6 
06.450.6 
+NaCI 
1 10.4 1.9 14.0 7.8 45.8 27.5 
2 6.1 7.6 7.1 2.6 22.0 14.3 
3 3.2 2.8 9.8 12.9 4.9 9.8 
4 12.6 2.6 9.1 13.3 21.0 7.2 
5 8.1 3.9 6.9 5.4 13.2 17.5 
6 3.9 6.3 7.6 5.9 19.1 9.2 
7 5.2 11.1 9.8 1.9 21.1 7.2 
8 11.2 5.6 13.0 4.2 11.1 6.4 
9 6.5 5.2 4.0 10.2 6.2 14.4 
10 6.6 2.4 8.1 2.9 13.9 8.5 
AV 7.4um 4.9um 9. Oum 6.7um 17.8um 12.2um 
Figure 6.21 Table showing measure particle sizes taken from SEM pictures. 
The use of NaCI seems to have aided the formation of larger particles, as does the 
increased amount of sulfur in the pyrochlore samples. The pyrochlore samples all 
have similar looking particle shapes, quite cubic, where as the foordite particles seem 
to be more plate like; relatively flat and wide. This was expected due to the lattice 
arrangement of the ions within the two structures. 
The samples with the larger particle sizes appear to be more-red in colour hence 
suggesting that the more pronounced colour may be a particle size effect. It is not 
clear from these analyses how the sulfur is distributed within the different sized 
particles. 
6.3.3.4 PXRD and Neutron refinement 
The structures of several of the samples were refined using the Rietveld refinement of 
powder diffraction data using several different models. 
The first method of refinement was based on a standard pyrochlore with very little 
possible variation for the atomic positions similar to that of Ca2Nb2O7. With the 
space group Fd-3m and the following lattice positions: 
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Ion site 
Oxidation 
state x y z 
Occupancy. 
Cal (16d) +2 0.5 0.5 0.5 1 
Nb 1 (16c) +5 0 0 0 1 
01 (481) -2 0.321(4)* 0.125 0.125 1 
02 (8b) -2 0.375 0.375 0.375 1 
Table 6.13 Ca2Nb2O7 atomic position for a pyrochiore structure. ' (*indicates variable) 
The '16c' and the `8b' sites were split to allow sharing of the occupancies between 
Nbv/Snrv and 02-II/S-11 ions respectively for refinement of the Sn2. yNb207. y. XXx series. 
The data in table 6.18 was calculated using Rietveld refinement theory and based on 
the atomic positions given in table 6.13. The cell sizes and relative amounts of each 
ion are shown for each sample. Before looking at the data shown in table 6.18 a full 
example of the refinement data is given for the standard Sn2Nb2O7 sample. 
Refinement-fit values: 
wRp 0.0808(3) 
Rp 0.0479(1) 
x2 33.79(3) 
Cell size (A) 10.5795(8) 
Table 6.14 Refinement values for the Sn2Nb2O7 refinement. 
The graphical representation, see figure 6.22, of the refinement fit shows a reasonably 
close relationship between the experimental and calculated patterns, however the fit 
factors are relatively high, possibly indicating that the structure is more disordered 
than this model. 
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Figure 6.22 Plot of the fit for the Sn2Nb2O7 refinement. 
The site positions, occupancies and temperature factors for the Sn2Nb2O7 refinement 
are shown in table 6.15. 
Ion x y z Multi Occupancy 
Temp 
factor 
(A2) 
Sn l 0.5 0.5 0.5 16 0.806(3) 0.0789(1) 
Nbl 0 0 0 16 0.935(4) 0.0077(7) 
Sn2 0 0 0 16 0.064(6) 0.0077(7) 
01 0.3106(7) 0.125 0.125 48 1.0000 0.0042(7) 
02 0.375 0.375 0.375 8 0.548(1) 0.0305(3) 
Table 6.15 Site information for the Sn2Nb2O7 refinement. 
The occupancy of the sites was refined using strict constraints linking the Snl, Nbl 
Sn2 and 02 values based on the disproportionation of the SnO. The occupancy of the 
01 site was not refined and assumed to be fully occupied as was the Nbl/Sn2 site. 
The temperature factors indicate that the positioning of the Snl and 02 sites are not 
ideal, this could be explained by the low occupancies of the two sites. This high 
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symmetry model does not successfully account for the partially occupied and 
disordered sites present in this material. For example, the divalent tin site is probably 
distorted due to the lone pair on the tin. 
Table 6.16 shows that a reasonable, near perfect, octahedral environment for the 
niobiumv oxide, NbVO6 and the tin" oxide, Sn"06 is generated by this model. 
Bond Type Bond Length Bond Angle degrees 
Snl-O1 (x 6) 2.7404(32) 01-Nbl-O1 89.25(17) 
Sn1-02 (x 2) 2.29055(1) 01-Nbl-01 90.75(17) 
Nbl-O1 (x 6) 1.9773(14) 01-Sn2-01 90.75(17) 
Snl-O1 (x 6) 1.9773(14) O1-Sn2-O1 89.25(17) 
Table 6.16 Bond details for the std Sn2Nb2O7 refinement. 
Bond valence calculations based on the above bond lengths are shown in table 6.17. 
Bond Type Bond 
Valence 
per bond total for site 
Snl-O1 (x 6) 0.115 
1.465 
Snl-02 (x 2) 0.388 
Nbl-01 (x 6) 0.836 5.016 
Snl-O1 (x 6) 0.823 4.935 
Table 6.17 Bond valence for the std Sn2Nb2O7 refinement. 
The bond valence calculations show that while the refinement gave a good fit for the 
niobium (V), both the Sn(II) and Sn(IV) valence calculation are outside the normal 
error limits of +/-0.2. If the bond valences of the two oxygen sites are also considered 
then this problem is highlighted further. 01 and 02 have total bond valences of 
around `1.90' and `1.55' respectively. This again adds to the evidence that the model 
is not very well suited to the positioning of the Snl or the 02. Additionally, if the `B' 
site (Nbv/Snry) is to be taken as an average for the two ions, then the bond valence 
calculations would be expected to be under-bonded for the niobium, rather that above 
+5 as shown in table 6.17. 
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Ref 
Compound Cell size Snu Nb'' Snrv o 4l S-" A2B2X'6X" (A) 
RA Sn2Nb2O7 10.5796(2) 1.612(3) 1.870(4) 0.130(4) 6.548(7) 0 
RB Sn2Nb2O6.95S0.05 10.5809(7) 1.646(2) 1.882(6) 0.118(6) 6.536(1) 0.050(1) 
RC Sn2Nb206.9SO. 1 10.5763(7) 1.550(5) 1.850(3) 0.150(3) 6.375(5) 0.100(5) 
RD Sn2Nb2O6.5SO. 5 10.5725(1) 1.564(4) 1.840(1) 0.146(1) 5.990(2) 0.471(2) 
RE Sn2Nb2O6.4S0.6 10.5678(3) 1.440(4) 1.814(3) 0.186(3) 5.750(3) 0.565(3) 
RF Sn2Nb206.3S0.7 10.5716(4) 1.612(5) 1.870(7) 0.130(7) 5.850(6) 0.652(6) 
RG 
Sn2Nb2O7 10.5693(4) 1.614(3) 1.872(5) 0.128(5) 6.550(3) 0 
+NaC1 
RH 
Sn2Nb2O6.7SO3 10.5425(2) 1.538(2) 1.846(4) 0.154(4) 6.161(7) 0.232(7) 
+NaCI 
RI Snj. 7Nb206.7 10.5667(8) 1.536(4) 1.946(2) 0.054(2) 6.508(4) 0 
RJ Sn1.6Nb206.6 10.5536(8) 1.470(4) 1.956(7) 0.044(7) 6.449(2) 0 
RK Snj. 8Nb206.6SOI 10.5467(6) 1.558(7) 1.920(6) 0.080(6) 6.317(3) 0.170(3) 
RL 
Sn1.8Nb206.6S02 10.5439(5) 1.522(7) 1.908(3) 0.092(3) 6.676(8) 0.161(8) 
+NaC1 
RM Sn1.8Nb2O6.4SO. 4 10.5314(4) 1.324(8) 1.908(2) 0.092(2) 6.178(5) 0.245(5) 
RN Sn2Nb2O6.6SeO. 4 10.5768(9) 1.638(4) 1.880(1) 0.120(1) 6.378(2) 0.086(2) 
Table 6.18 Cell size and formulation data based on Rietveld refinement based on standard 
pyrochlore atomic positions. (Each refinement is given an R `letter' label) 
The relative amounts of the ions in each sample are given, but their accuracy is in 
doubt due to uncertainties in the final reacted materials and problems with the 
positioning of the Sn1t and 02'11, as highlighted previously. The cell sizes are likely to 
be more reliable as they can be refined without considering the atomic positions. The 
relationship between the cell sizes and the intended formulations are not what would 
be expected. Increased sulfur content was generally accompanied by a decrease in 
cell size. Additionally the use of NaCI was also accompanied by a decrease in cell 
size. 
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This relationship between initial sulfur content and cell size could be explained by 
there being unreacted SnS remaining in the sample tube. This would mean that the 
Sn: Nb ratio would no longer be 2: 2 but closer to 1.5: 2 in some cases. The cell sizes 
calculated by refinements, RI to RM, show that by reducing the starting amount of Sn 
with respect to Nb results in smaller cell sizes. This evidence gives support to the 
hypothesis that there are possible vacancies on the `A' sites of the tin niobate 
pyrochlore. 
In an attempt to refine the Snn site more accurately, a second refinement model was 
used based on the work by Cruz et al. where two possible SnII sites are used (see table 
6.19) 2 
Ion site 
Oxidation 
gyz Occupancy. 
state 
Nbl (16c) +5 0000.920(8) 
Snl (16c) +4 0000.082(8) 
01 (48f) -2 0.3140(3) 0.125 0.125 1 
02 (8b) -2 0.375 0.375 0.375 0.352(14) 
Sn2 (96g) +2 0.4849(14) 0.4849(14) 0.5297(12) 0.0594(5) 
Sn3 (96h) +2 0 0.2765(14) 0.7235(14) 0.0594(5) 
Table 6.19 Tin niobate pyrochlore atomic positions used by Cruz et al. 
The new tin positions both have a multiplicity of 96 and hence the occupation factors 
were adjusted to take this fact into account. The standard Sn2Nb2O7 pyrochlore 
sample PXRD data was refined using the two 96 multiplicity tin sites. Constraints 
were again used to link the occupancies of the sites to account for the 
disproportionation reaction of SnO. 
Refinement-fit values: 
wRp 0.0735(5) 
Rp 0.0520(1) 
X2 28.02(4) 
Cell size (A) 10.5807(1) 
Table 6.20 Refinement values for 
the Sn2Nb2Oj refinement. 
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Figure 6.23 Plot of the fit for the Sn2Nb2O7 refinement using two 96 multiplicity tin sites. 
The refinement values show that a slightly better fit has been calculated by using less 
specific sites for the Sri" ions but there are still relatively high temperature factors for 
the Sri 1 a. Sri 1b and 02 ions. 
Ion x z Multi Occupancy 
Temp 
factor 
(A2) 
Sn Ia 0.4849(14) 0.4849(12) 0.5297(12) 96 0.0640(1) 0.0156(1) 
SnIb 0 0.2765(16) 0.7235(15) 96 0.0640(1) 0.0156(1) 
Nb 1 0 0 0 16 0.9226(1) 0.0086(5) 
Sn2 0 0 0 16 0.0774(1) 0.0086(5) 
01 0.3131(4) 0.125 0.125 48 1.0000 0.0026(3) 
02 0.375 0.375 0.375 8 0.4581(3) 0.2171(4) 
Table 6.21 Site information calculate for the Sn2Nb2O7 refinement using two 96 multiplicity tin 
sites. 
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From the above calculations the standard formulation would be; 
S nII1.536NbV 1.845 S nI 
V0.155 0_I I6.4 58 
This is different to the formulation that was calculated using the standard pyrochlore 
ionic positions. 
Bond Type Bond Length Bond Angle degrees 
Snl-O1 (x 6) - O1-Nbl-O1 90.26(15) 
Snl-02 (x 2) - O1 Nbl-01 89.74(15) 
Nbl-O1 (x 6) 1.9861(13) O1-Sn2-O1 90.26(15) 
Snl-O1 (x 6) 1.9861(13) 01-Sn2-01 89.74(15) 
Table 6.22 Bond details for the Sn2Nb2O-7 refinement - 96 multiplicity tin. 
The bond lengths for the Snn have been omitted due to there being several different 
bond lengths due to the nature of the 96 multiplicity site. 
Bond Type 
Bond Valence 
per bond total for site 
Nb 1-01 (x 6) 0.816 4.898 
Snl-O1(x 6) 0.803 4.819 
Table 6.23 Bond valences for the Sn2Nb2O7 refinement - 96 multiplicity tin. 
The bond valence calculations for the `B' site, (Nbv/Snn'), are closer to what would 
be expected for the shared site. Very little can be learned about the nature of the Sn" 
ions position as again it seems that the model does not totally fit the collected data. 
Other refinement models were attempted by changing the temperature factors to 
anisotropic, removing the relationship constraints between the Snlr sites and the `B' 
site cations and by removing Sn'v from the `B' site. It was not position to refine the 
96 multiplicity Sri site with anisotropic temperature factors, nor was it possible to 
refine the ratio of Sn" to Nbv. In an attempt to get some sort of correlation between 
cell size and the Sri" or `A' site occupancy, the above was taken into consideration 
and the follow refinement model was decided upon: 
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- The 16 multiplicity Sn" site was used. 
- SnIV was not accounted for leaving the `B' site fully occupied with Nbv. 
-A constraint linking the occupancy of Sn" to 02 was used. 
- Anisotropic temperature factors were used. 
- Any sulphur was initially omitted from the refinement then added once the 
Sn1 occupancy was refined. 
The refinement data is shown in table 6.24 and the cell sizes and Sn11 site occupancies 
are shown graphically in figure 6.24. 
Refined Cell Sizes Vs Tin (II) Site Occupancy 
0.85 
0.8 
9 
0.75 
m 
U 
U 
0 0.7 
0) 
0.65 
0.6 
055 4-- 
10.53 10.54 10.55 10.56 10.57 10.58 
Cell Size (A) 
no. Compounds 
1 Sn1.8Nb2O6.4S0.4 
2 Sn2Nb2O6.7SO3 +NaC1 
3 Snl. 8Nb2O6.6SO 2 +NaC1 
4 Sn1.8N2O6.650.2 
5 Sn2N 206.4SO. 6 
6 Sn2Nb2O7 +NaCI (1050°C) 
7 Sn1.7Nb2O6.7 
8 Sn2Nb2O6.4SO. 6 
9 Sn2Nb207 +NaC1(1000°C) 
10 Sn2Nb2O6.3SO. 7 
11 Sn2M2O6 550.5 
12 Sn2Nb2069S0.1 
13 Sn2Nb2O6.6SeO. 4 
14 Sn2Nb2O7 
15 Sn2Nb2O6.95S0.05 
Figure 6.24 Graph showing cell size and Sn" site occupancy from refinement data. 
The relationship between refinement data for the cell sizes and the occupancy of the 
Sn° sites is apparent from the graph shown in figure 6.24. These data will not be 
totally accurate representation of the changes occurring in the samples but they do 
allow some general assumptions to be conjectured. While the Sn° content seems to 
play an important role in the cell size and the Sn`v content would also be expected to 
have some influence on the cell size, it was not possible to refine it with the 
constraints used. A closer look at the data for the Sn2Nb2O7_XSX series is shown 
graphically in figure 6.25. There is a general decrease in the cell size and occupancy 
of the Sn" sites with an increase in `x' but there are a few anomalies at either end of 
the series. 
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Figure 6.25 Graphical representation of Sn2Nb2O7_=S= series refinement data 
Problems with the refinements: 
- Refinement of the structures was difficult due to uncertainties in the actual 
Sn" to Snty ratios. 
- The true reactivity of SnS and any limit on the amount of sulfur that could 
be substituted for oxygen in the pyrochlore structure is also unknown. 
- The role of NaC1 in the formation of the pyrochlore structure is unknown. 
The overlap of these problems was amplified by the possible affect each one would 
have on the outcome of a refinement, i. e. with less Sn°, a decrease in cell size would 
be expected, but then the loss of Sn1 is thought to be accompanied by an increase in 
Sn'v on the niobium site. Sn'v is larger than Nbv, therefore a larger cell size would be 
expected for increasing amounts of Sn'v. There would also be a similar relationship 
between the sulfur and Sn'v content. 
In conclusion to the analysis performed on the samples during the refinement of the 
pyrochlore structure, it must be said that the true position of the Sn" and the 02'"/S-" 
ions must be found before true site occupancies can be calculated accurately. It could 
be possible that the compounds are disordered with regards to the positioning of the 
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aforementioned ions and that a suitable refinement model would be difficult to find 
using powder diffraction methods alone. 
6.3.3.5 A theory based on ideal bond-valence calculations 
From the starting formulation Sn2Nb2O7, a more specific formula can be written to 
take into account to the two types of oxygen; Sn2Nb2O1602. There are two cationic 
sites `A' and `B' as discussed in the introduction. `A' is 8 coordinate; having 6 `O1' 
and 2 'O2' bonded oxygen and `B' is 6 coordinate; all being `O1' type oxygens. 
There are two types of oxygen, Ol and 02. Both are 4 coordinate, O1 is bonded with 2 
`A' and 2 `B' cations, whereas 02 is bonded only to 4 `A' cations. 
This theory is based on the octahedral `B' site cations and their ideal bond lengths. 
The bond valence equation allows the ideal bond lengths and for both Nbv-016 and 
SnN-0'6 to be calculated. 
Bond type Bond valence Bond length 
NV-O1 0.8333 (5/6) 1.9785 
Sn'v-O' 0.6666 (4/6) 2.0550 
Table 6.25 Ideal NbO6 and SnOt Bond Valences 
From these bond valences it is now possible to look at the 4 `O1' bond valences. 
Oxygen needs a total bond valence of `2' from the 2 bonds with the `B' site cations it 
has a bond valence of either 2*(5/6) or 2*(4/6) for Nbv and Sniv respectively. This 
leaves a remainder of `1/3' and `2/3' to be obtained from the 2 bonds with the `A' site 
cations. Therefore the Sn°-O1 bond valences are 11/6' and `1/3' for Nbv and Snn' 
respectively. 
The `O2' oxygens are bonded only to 4 Sn" cations so the bond valence for Snn-02 
must be `2/4'. 
221 
By looking at a system that is purely Sn1Nb"Ol602 then the bond valence calculations 
add up as follows: 
Sn" has 6 bonds with 01 each with a valence of `1/6', this equals a total of `1'. It also 
has 2 bonds with 02 each with a valence of `2/4', this equals a total of `1' also, and 
therefore the bond valence is perfect for Sn". 
By looking at a system that is purely Sn"2SnI 201602 then the bond valence 
calculations add up as follows: 
Sn" now has 6 bonds with 0' each with a valence of `1/3'; this equals a total of `2'. It 
also has 2 bonds with 02 each with a valence of `2/4'; this equals a total of `1'. This 
adds up to a total bond valence of 3 for the Snn which is no good. Hence the 
pyrochlore structure is normally filled with either 2+ and 5+ cations or 3+ and 4+ 
cations. Therefore there would be no need for the 6022 type oxygens. 
The true formulation seems to have a combination of both of these extremes 
containing both Nbv and Sn". 
A summary of the bond valences and bond length are given in table 6.26 
Sn°2Nbv201602 
Bond 
valence 
Bond 
length Sn112SnI2016 
Bond Bond 
valence length 
Sntl-O' (*6) 
Sna-OZ (*2) 
Nbv-O' (*6) 
1/6 
1/2 
5/6 
2.6030 
2.1965 
1.9785 
Sn°-O1 (*6) 
- 
Sn'v-O1(*6) 
1/3 2.3464 
-- 
2/3 2.0550 
Table 6.26 Ideal Bond Valences and Lengths 
A general equation to describe one possible explanation can be made using the 
following assumptions; for every Sn1v there is on the `B' site then there is a SnII that 
is only bonded to 6 `Ol' oxygen and the disproportionation reaction of SnO is 
adhered to: 
[Sºn11,8-coord S11,6-coord ][NbV-octSnlY-oct1[O 11 s 
2-2x-x 2x7 
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To get and over all pyrochlore type equation then the follow equation is used: 
[On11,8-coord s II, 6-coord ] [NbV-octSrnIV-oct ] FO-II 
(4-6x) 2x L4 2x 14 
(2+x) (2+x) (2+x) (2+x) (2+x) 
Table 6.27 shows the results for several theoretical values of `x' based on the above 
equation. 
x sn(II) 8 Sn(II) 6 
Total Nb(V) Sn(IV) O(-II) Sn(Il) 
0.00 202207.00 
0.05 1.80 0.05 1.85 1.95 0.05 6.83 
0.10 1.62 0.10 1.71 1.90 0.10 6.67 
0.15 1.44 0.14 1.58 1.86 0.14 6.51 
0.20 1.27 0.18 1.45 1.82 0.18 6.36 
0.25 1.11 0.22 1.33 1.78 0.22 6.22 
0.30 0.96 0.26 1.22 1.74 0.26 6.09 
Table 6.27 Result of changing value of 'x' using above theoretical equation. 
Realistically the there is more likely to be an average of the two types of Snit sites 
varying slightly depending on their association with the Sn" on the niobium sites.. 
6.4 Conclusion 
Although the actual structure of the pyrochlore has not been fully refined, the 
different analytical techniques have helped paint a relative good picture of what is 
actually contained in the coloured tin niobium oxysulfide pyrochlores. The varying 
cell sizes indicate that there are vacancies on the Sn" sites and the presence of Snrv in 
the Mossbauer spectroscopy results also proves that not all of the Sn"I that was 
initially reacted remains in the divalent oxidation state in the product. The reason 
behind the vacancies is uncertain although it is clearly related to the 
disproportionation of the Sn°O. The lone pair of electrons on the Sn" ion clearly 
cause bond lengths and angles to be strained in this structure relative to regular 
pyrochlores containing cations without steroactive lone pairs. The `B' sites of the 
pyrochlore are likely to contain Nbv and Sniv in near perfect octahedral environments, 
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this was also confirmed by the Mossbauer Spectroscopy results, the Nb solid state 
NMR and also by the refinement of the PXRD data. The 02 site, which would also 
be the likely site for any sulfur ions, was less easy to refine and along with the 
positioning and exact occupancy of the Sn1I on the `A' site, is still unrefined and 
uncertain. The sites may or may not be distributed in an orderly manner. 
The main aim of this chapter was to produce coloured compounds that would be 
suitable for use as inorganic pigments. Johnson Matthey have taken out a patent on 
the Sn2Nb2O7_xXx series (where X=S, Se and TO and intend to produce it 
commercially. 
The synthetic samples prepared in this area of work were not chosen in a methodical 
manner due to the intended outcome of this project. The main objective was to 
produce a bright stable colour. At times it was therefore difficult to think of the 
samples are being part of a homologous series that could be structurally refined. 
Therefore further work should concentrate on producing a more comprehensive range 
of samples in the Sn2_yNb2O7_X_ySx series, with and without NaCl, and to look more 
closely at doping with both selenium and sulfur in a methodical manner. This further 
work would hopefully lead to a better understanding of the structure and the role of 
the ions in producing the range of sample colours. 
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Chapter 7 
Conclusions 
Chapter 7A Brief Conclusion 
The objective of this work was to investigate the preparation of some materials that 
had potential as environmentally friendly inorganic pigments. This work focussed on 
both the preparative methods used to prepare existing pigments and combinations of 
different materials to prepare new or improved materials for use in the pigment 
industry. Much of this work built on existing research in the area and attempted to 
build on well-founded methodologies for building materials such as structure-property 
related themes e. g. solid solutions of known spinels. 
A brief conclusion for each chapter is presented below along with some suggestions 
for further work on these materials. 
7.1 Ultramarine Blue 
Working with UMB gave great incite into the area of working with a traditional 
industrial pigment. The major difficulty in working on these pigments was producing 
suitable laboratory based experiments to convince the industry that the results 
produced in the laboratory were sound and could be transferred to an industrial 
environment. 
The conditions used to produce vast quantities of ultramarine in 48 tonne kilns from 
natural materials are near impossible to mimic in the laboratory. There are issues 
with heat transfer and gas flow through stacks of bricks that are totally impracticable 
to reproduce on a small scale. For example, the variation of natural starting materials 
in small-scale experiments has a much greater effect on the small-scale reactions than 
similar changes on the plant. Therefore a decision was made to use highly pure 
starting materials from chemical manufacturers as starting materials to be totally sure 
of the composition of the mixture. This led to production of a highly pure ultramarine 
pigment that was the `brightest ever observed' even though the blue was described as 
green-shade blue. This implied that a silicon-rich additive was not required to 
produce a bright shade blue. Washing of this sample with various solutions only 
produced a reddening when solutions containing potassium ions were used. This 
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provides positive support for the work of Booth' that potassium occlusion is essential 
for red shade blue to be produced. However, it appears that post synthesis ion 
exchange is not as effective for optimising the red shade as inclusion of potassium in 
the synthesis stage. This maybe why the introduction of potassium as the intimately 
mixed feldspar during the production of ultramarine promotes a redder shade blue. 
Therefore it is most likely that it is the potassium content, and not the silicon content 
of the feldspar, that is crucial in producing a bright shade ultramarine. More work is 
required to adapt the ICP analysis methodology to the ultramarine system by use of a 
more modem ICP instrument that is capable of modelling differences in viscosity by 
fitting of the background. Unfortunately, it is unlikely that, despite the evidence 
potassium ions are more likely to facilitate the production of red shade blue than the 
incorporation of silicon, this research will be used by the parent company without 
proof from the use of natural materials. It is suggested that work should be scaled up 
from the lOg laboratory based reactions to the test kiln at HPL, where the reactions 
could be retested on a1 tonne (32 brick) kiln. 
This work demonstrates a general problem with solid-state reactions; that insoluble 
impurities cannot be removed post synthesis. Therefore any impurities at the reaction 
stage will almost certainly appear in the product. In addition, components which are 
added that do not react fully during the process will also appear as impurities in the 
product. The contrast between the impurity levels in the UMB produced from zeolite 
A (1%) and the corresponding highest grade A120(15%) sample from the plant is 
striking. The impurities are white and only act as a diluent of the final pigment. If a 
method could be found to introduce potassium and improve the shade without 
introducing white silicon-rich impurities, a significant improvement could be made to 
the product. 
7.2 Copper Borates 
The major objective of this work was to produce samples of the bright green copper 
borate compounds in a cheap and reproducible way. Unfortunately, it was almost 
impossible to produce a pure single-phase material and generally a mixture of the two 
known copper borate phases, Cu3B206 and CUB2O4 were produced. In the copper- 
1 D. G. Booth. PhD Thesis, University of Southampton. (2002) 
227 
rich region it was possible to produce a material with comparable colour properties to 
the industrial green standard (chrome oxide). Unfortunately, even in the copper-rich 
region it was not possible by simple variation of the ratios and firing time to produce a 
single-phase material. This was most likely due to a variety of problems associated 
with using boron oxide. As the boron oxide is water sensitive and glassy, it is 
difficult to use as a starting material and the low atomic number of boron makes the 
compound difficult to detect in the XRD patterns when the heavy copper phases are 
present. Although the colour of the copper-rich phase could be industrially 
interesting, the difficulty in synthesis and uncertainty in the formulation would make 
it very difficult to gain approval for its use as a pigment. Latterly it has also been 
shown that the copper borates have poor acid stability and rapidly decompose even in 
weakly acidic solutions 
7.3 Cobalt Aluminium Germanates 
The chapter focussed on the production of a solid-solution between two well-known 
cobalt spinels, CoA1204 and Co2GeO4. The temperature at which the reaction was 
performed proved to be vital if single-phase samples were to be formed where 
reaction temperature fell as the germanium content increased. Analogous series of 
silicate and germanate compounds show behaviour when germanium analogues of the 
silicate minerals are synthesised. There were major problems with the 
characterisation of these materials due to varying occupancies of both tetrahedral and 
octahedral holes and the incorporation of vacancies. It is likely that a hybrid of the 
models used for the work of Hirota2 is required to produce a suitable model for both 
systems. 
7.4 Tin Niobium Oxides 
The demand for redlyellow inorganic pigments that are stable in acid/alkali conditions 
promoted the interest in the parent oxide system and in ways of stabilising the red 
phase. A series of compounds were produced using different dopants and 
mineralisers that varied in colour from yellow through to dark red depending on the 
2 K. Hirota, T. Inoue, N. Mochida, A. Ohtsuka. Journal of the Ceramics Society of Japan. 98, 
976. (1990) 
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dopant. While it was not possible to change the bright yellow colour of the foordite 
material, the pyrochlore structure could be changed using both methods. Use of the 
sodium chloride mineraliser was always successful in promoting a darker phase than 
using either the oxides or oxides and sulfides on their own. It appears from the 
Mossbauer analyses that the use of the mineraliser and the sulfide material helps to 
keep more of the tin in the divalent state and improve the occupancy of the eight fold 
site. It is possible that inclusion of both chloride or sulfur into the lattice distorts the 
eight fold site in such a way to allow room for the tin lone pair. However, it is clear 
from the EDX analysis that there is a limit to the amount of sulfur that can be placed 
on this site. Various attempts to model the structure were not entirely successful 
using X-ray diffraction data and more work is required to fully investigate the 
position of the anions using a technique such as neutron diffraction, which is sensitive 
to anion stoichiometry. As in many other solid-state systems, the use of bond valence 
calculations3 has been invaluable to access the validity of the various structural 
models. 
Currently tin MASNMR is being carried out at the University of Warwick to compare 
the different samples and glean more information about the tin site symmetry and 
changes in tin (IV) content with various different dopants and mineralisers. Chemical 
analysis by Johnson Matthey has shown that the maximum sulfur content of the 
samples appears to be 0.3 sulfur atoms per unit cell and that chloride, presumably 
present from the mineraliser, can also be doped into the structure. Colour analysis has 
shown that the colour of the samples changes dramatically between the inside and 
outside of the particles and grinding clearly shows that the outside of the particles are 
red while the inner of the particles are more yellow. This is probably showing that a 
mixture of phases forms with slightly different stoichiometries, hence giving a reason 
why the structure is so difficult to model. 
3 I. D. Brown. Journal of chemical education. 77(8), 1070. (2000) 
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